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 i 
Abstract 
This dissertation was written in the context of the MSc in Energy Building Design for 
the International Hellenic University. The dominant aim of this this thesis was the ex-
amination of the ability of a solar thermal system to cover the demand for pool water, 
DHW and space heating of an existing swimming hall, located in Katerini, Greece.  
A review of the existing literature on solar systems for swimming halls was presented 
for the different projects that were conducted round the world, while an explicit calcula-
tions of the heating loads for the swimming hall and the space was carried out, based on 
European standards and the literature.  
The potential of the proposed solar thermal system to cover the heating demand of the 
swimming hall was examined through the use of RETScreen simulation software.  
The study was performed for three different simulation scenarios, where the impact of 
various technical and economical parameters were evaluated on the cost-effectiveness 
and viability of the proposed system.  
The outcome of the study corroborated the superiority a solar system against a convec-
tional system, while it provided an economical overview of the various solutions that 
the municipal authorities can proceed to, based on the technical, economical or envi-
ronmental targets they aim to establish for the swimming hall.  
Finally, Ι would like to express my gratitude to my supervisor prof. Agis M. Papado-
poulos, director of the Process Equipment Design Laboratory of Aristotle University of 
Thessaloniki, since his great support and constant guidance, from the beginning, was 
crucial for the successful completion of this dissertation.  
Also, special thanks to prof. M. Santamouris of Energy Physics at the National and Ka-
podistrian University of Athens for all the valuable information he generously provided 
me when needed. 
 
Ofidou Despoina 
23 December 2016 
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1 Introduction 
1.1 Problem outline 
The gradual rising of global temperature and the high greenhouse emissions, due to 
large quantities of carbon dioxide released into Earth’s atmosphere, are primarily 
caused by burning fossil fuels for energy purposes, since 80% of the energy supply is 
based on them [1]. For the first time in human history, the world seems to undergo 
through a tedious energy and economic crisis.  
The last few years, there are scientific proofs that confirm these claims, impelling all 
governments worldwide to take urgent measures in order to avert ecological degradation 
on an extensive scale. 
According to IEA’s predictions, the uncontrolled population growth in the developing 
countries, such as China and India, leads to the increase of global primary oil use, in 
absolute terms, between 2009 and 2035. Moreover, the unrestrained use of fossil fuels 
results to great concerns about pernicious repercussions on the global economy and 
quality of life, since the oil prices are forecasted to increase dramatically until the end of 
2035.  
Thus, many countries made various commitments and were pledged to tackle with the 
growing energy insecurity. European Union, for example, set some targets for energy 
reduction in various types of buildings, like residential or commercial buildings and re-
duction of greenhouse emissions for the years 2020, 2030 and 2050 [2]. 
Specifically, a considerable part of the total energy consumption (40%) is related to the 
buildings, including residential, commercial and public buildings, providing a great po-
tential for energy saving [3], since large amounts are spent in applications for heating, 
air-conditioning, Domestic Hot Water (DHW) and electric equipment. As a result, in 
order to secure a more reliable and sustainable environment different mitigation strate-
gies must be implemented, focusing on the efficient use and the reduction of energy, by 
shifting to Renewable Energy Sources (RES). 
For that reason, European Union set in 2002 the Directive 2002/91/EC for the energy 
performance of buildings, which implies reduction of the thermal needs and energy 
loads of a buildings, while the use of cleaner and renewable fuels becomes crucial. [4]. 
However, the Directive was reformed in 2010, imposing more rigorous targets.  
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As stated by Article 9 of the recasting Directive 2010/31/EU, until the end of 2020 all 
buildings should be “nearly Zero Energy Buildings” (nZEB), while new buildings oc-
cupied and owned by public authorities should be nZEB until 2018 [5]. An nZEB build-
ings can be defined as a building that has a very high energy performance and its 
amount of energy required should be covered to a very significant extent by energy 
from renewable sources, including energy from renewable sources produced on-site or 
nearby. 
The last decades, a broadly well-known and abundant renewable source of energy is the 
solar energy and its different technologies can be separated to active and passive solar 
systems, depending on the way they capture solar energy or transform it into useful so-
lar power.  
Passive solar systems, are based on how a building is oriented to the sun and the use of 
materials with light-scattering properties, while active solar systems compromise the 
use of photovoltaic panels, solar water heating and concentrated solar power.  
Of all the available solar techniques, solar water heating with the use of solar thermal 
systems seems to be the most abundant one [6], since there was a notable increase of 
solar thermal systems on the markets for DHW use at the begging pf 1980,especially in 
southern countries. [7]. 
1.2 Scope of dissertation 
The main scope of this dissertation is the investigation of the technical and economical 
parameters of a solar thermal system and its ability to cover the heating demands of a 
large-scale building. Specifically, this thesis examines the utilization of solar thermal 
system mainly for pool water and DHW and secondly space heating in an existing 
swimming hall, located in Katerini, Greece.  
The local point of the study concentrates on the examination of the degree that this sys-
tem is able to cover the energy demand of the swimming hall and the potential energy 
saving that can be ensured compared to the conventional heating system that is now 
used in the facility.  
The research also investigates different parameters that can affect the feasibility and the 
cost effectiveness and the overall performance of the proposed heating project  
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1.3 Structure of dissertation 
The content of the thesis is can be categorized in 7 Chapters.  
In Chapter 1, there is a preliminary overview that explains the problem outline that this 
thesis confronts with, as well as its scope and structure. 
In Chapter 2, there is a detailed report of all the published and available literatures that 
deal with different solar thermal heating projects that have been implemented in swim-
ming halls around the world.  
Chapter 3, contains the methodological approach adopted for the calculation of the heat-
ing loads of the pool, the DHW and the space for the swimming pool  
Subsequently, Chapter 4 presents a detailed description of the existing swimming hall 
and its HVAC system in order to provide a complete report of the facility.  
In Chapter 5, after the description of the building and the system involved, the assess-
ment of the potential solar thermal system is presented, where different simulation sce-
narios are carried out, with the use of RETScreen software, in order to find out the most 
appropriate combination for the heating demands of the swimming pool. 
Chapter 6 presents the output of the different simulation scenarios, providing technical 
and financial information for the proposed solar heating project, concluding to the most 
optimal configurations of the system. 
Finally, Chapter 7 includes a brief presentation of the thesis and the ultimate conclu-
sions of the study. 
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2 Literature review 
This chapter provides a detailed review of the existing literature about the different solar 
systems that have been implemented for space heating, pool water heating and ventila-
tion in indoor swimming halls around the world.  
Most approaches emphasize on the use of active solar systems for swimming pool water 
and space heating, as it consists an effort for energy saving and moves towards the near-
ly zero energy building concept. 
Moreover, the literature review, not only aims to present the accomplishments of the 
various studies, but also compare the results of this thesis with those of the existing pa-
pers and identify the less-studied areas that can investigated thoroughly. 
2.1 Classification of swimming pools  
Swimming pool facilities consist one of the most preferable type of sport facilities, 
since it provides a lot of activities. For example, many health clubs dispose swimming 
pools for exercise or relaxation. A lot of universities have swimming pools facilities for 
recreation or competitive training of swimming teams. Moreover, numerous cities and 
towns make available for use public pools. In Australia for example, it is common to 
meet swimming pools in each large town or city, as citizens are motivated to use them 
not only for their pleasure but also to develop their physical activities [8]. So, swim-
ming pools can be found in all levels of facilities, such as public, school and even pri-
vate spaces. Table 2.1 depicts the different king of swimming pools according to their 
type, use and size. 
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Table 2.1: Classification of swimming pools as stated by their type, use and size/volume [9] 
[10] [11]. 
 Classification of swimming pools  
Different type 
of swimming 
pools 
 Public/private 
 Indoor/outdoor/mixed type 
 Sports/Gyms/Rehabilitation/Spas/Whirlpools/Hot tubs/ Hotels  
 Built in-ground/ built above ground 
 With bleachers/without bleachers 
Use of swim-
ming pools 
 Exercise/learn/train/competition/recreational activities/whirlpools/diving/other use 
Size of swim-
ming pools 
 Length (m) Width 
(m) 
Number 
of lanes 
Depth (m) 
Learner pool** 
10.00-
20.00 
7.00 2 0.60-0.90 
Community pool 20m** 
20.00 8.50 4 0.80-
1.00/1.50 
10.50 5  
Community pool 25m** 
25.00 8.50 4 0.90-1.50 min 
1.00-2.00 pref 10.50 5 
12.50 6 
Competition + 25.00* 13.00 6 1.00-1.80 min 
Short course championship + 25.00* 17.00 8 1.80 
Training pool 50.00* 10.00-
17.00 
4-8 1.00-1.80 min 
ASA National Competition+ 50.00* 19.00 8 1.00-1.80 min 
2.00 pref 21.00 
FINA National Competition+ 50* 21.00 8 1.35 min 
2.00 pref 
FINA International Competition+ 50.00* 25.00 8 2.00 min 
ASA Amateur Swimming Association 
FINA Federation Internationale de Natation (English: International Swimming Federation) 
* For competition pools, an allowance should be made for automatic touch pads and for the finished dimensions be-
tween surfaces of the timing touch pads/ walls to be certified by an approved surveyor  
** Provision of a movable floor allows the pool to be put to multi-purpose community use. 
+ Spectator and competitor seating provision appropriate to the level of competition should be discussed and agreed 
with the ASA/FINA  
 
A more general classification of the size of the swimming facilities is provided by 
Kampel [3] according to the total Water Surface (WS) of the swimming pools into the 
facilities: 
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Category 1: Facilities with up to 300 m2 WS 
Category 2: Facilities between 300 m2 and 600 m2 WS 
Category 3: Facilities with more than 600 m2 WS  
 
However, the total Water Surface of a swimming pool plays an important role to the en-
ergy use of a swimming facility. The following section explains why huge amounts of 
energy are consumed for a swimming facility and why they must be treated different 
from the residential and commercial buildings. 
2.2 Energy use in swimming pools 
Swimming pools are the second most favoured sport facilities as they offer a huge va-
riety of spots and recreation throughout the year. Nevertheless, according to Figure 2.1 
swimming facilities and ice rinks have the highest energy consumption among the sport 
facilities. 
 
Figure 2.1: Final Energy consumption of the 10 largest building categories in Norway, ex-
pressed in Delivered Energy normalized with respect to Useable Area. [11] 
Indoor swimming pools consume more energy than sports halls and outdoor pools be-
cause of the higher latent, sensible and ventilation loads, due to the evaporation of the 
pool water. The evaporation of the pool water leads to high latent heat losses, resulting 
to the increase of the load for water heating in order to avoid the cooling effect. Fur-
thermore, the indoor humidity levels are increased and more energy must be consumed 
for heating the makeup air in exchange of increasing the ventilation rates to reach the 
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required temperature and avoid condensation on the surfaces of the walls, window and 
roof.  
In order to avoid the structural damage on the envelope of natatoriums, mainly on the 
roof, and preserve comfortable conditions for swimmers, it is vital the removal of large 
quantities of moisture from the air. The relative humidity in swimming halls may vary 
between 40 % and 90%, but recommended values are about 60%. Table 2.2 presents 
typical design conditions of a Natatorium. 
Table 2.2: Typical design conditions for a Natatorium [11][12] 
Typical Natatorium Design Conditions 
Pool type Air temperature (°C) Water temperature (°C) Relative humidity (%) 
Competition 24 to 30 24 to 28 40 to 60 
Diving 26 to 30 28 to 31 40 to 60 
Elderly swimmers 29 to 30 30 to 32 40 to 60 
Hotel 27 to 30 27 to 30 40 to 60 
Physical Therapy 26 to 30 32 to 35 40 to 60 
Recreational 27 to 30 26 to 30 40 to 60 
Whirlpool/spa 26 to 30 38 to 40 40 to 60 
 
There are two comprehensive studies that deal with the energy use and the environmen-
tal conditions of an indoor swimming pool in southern and northern Europe. 
In 1998, Trianti-Stourna et. al. investigated the indoor environmental quality and pool 
water quality of separate Hellenic indoor swimming pools in the framework of the Eu-
ropean Commission’s SAVE program in order to achieve better indoor conditions and 
improve the energy use, though a series of proposed suggestions including architectural, 
mechanical and electrical system innervations [2]. According to the study, 45% of the 
energy consumption of an indoor swimming pools goes for the ventilation of the pool 
hall, 33% for the heating of the pool water, 10% for heating and ventilation systems for 
the rest of the building, 9% for electricity that powers the equipment of the facility and 
the lighting and 3% for hot water services. In spite of that, the energy consumption of a 
swimming facility depends on the location, type and use. The Figure 2.2 shows the en-
ergy consumption for different-sized swimming pool for two different European climat-
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ic zones. For indoor pools in the Mediterranean climate, the average energy consump-
tion per water surface is about 4300 kWh/m2, as for continental Europe and Northern 
countries it can be as high as 5200 kWh/m2. 
 
Figure 2.2: Annual energy consumption breakdown in swimming pools for different types of 
climates [2]. 
A second study was carried by Kampel et al for 41 Norwegian swimming halls in 2103 
[13]. The results of the study provide an insightful picture of the energy management 
for swimming halls in northern countries. Kampel et. al., in order to achieve this, gath-
ered 250 datasets with the help of questioners, for the years 1998-2011. Each dataset 
corresponds to the Final Annual Energy Consumption (FAEC) of a swimming pool for 
one year. Because of some accuracies and missing data, they, finally, gathered about 
100 answers and only 41 of them were presented in the study. In contemplation of mak-
ing the assembled FAECs comparable, they were recalculated in order to meet Oslo’s 
climate in 2010. Eventually, the final data were compared to Danish data and the latter 
indicated lower FAEC. The outcome of the study was that there is a big variation in the 
FAEC in Norwegian swimming halls and a more comprehensive analysis must be done 
in swimming pool facilities, but there is a potential of energy saving up to 28%. 
Considering the huge energy consumption of an indoor swimming pool and the high 
costs of a conventional heating system, it seems that solar energy is a promising oppor-
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tunity over the use of fossil fuels, both for its environmental and economic impact, as 
different kind of solar systems were developed for that purpose.  
2.3 Solar energy for swimming pools 
Swimming pools, as mentioned above, are found to be one of the most preferable sport 
facilities, providing a wide range of activities even during the cold periods. However, in 
order to operate during winter seasons, the heating of a swimming pool requires a sub-
stantial amount of energy, due to evaporation losses of the swimming pool, and money, 
because of the increasing cost of fossil fuels. For that reason, solar systems for heating 
of swimming pools became an upcoming solution, as it can be achieved in lower tem-
peratures and consist a more efficient and cost-effective solution over the conventional 
heating systems.  
2.3.1 Direct heating of swimming pools 
In outdoor swimming solar radiation is transmitted into the water and absorbed on the 
surface of the water and in the deeper of the pool. In order to maintain an increased 
temperature of the swimming pool throughout the day, different methods for solar heat-
ing of swimming pools were investigated and reported in the literature. 
In 1962, J. T. Czarnecki investigated the use of a transparent plastic cover on the sur-
face of an open-air swimming pool in order to increase the temperature of the pool wa-
ter [14]. In that way, heat losses from the pool, due to evaporation, would be reduced 
and the incident solar radiation would raise the temperature of the water, passing 
through the cover. During the tests on a swimming pool in Melbourne, it was proven 
that the use of a proper inflated cover, made of clear plastic film, would be able to ex-
tend the swimming periods for each swimming pool in Australia, according to the aver-
age monthly meteorological data.  
Subsequently, another study was conducted by Francey, Golding and Clakert, in 1980, 
as they compared the performance of two alternative pool covers, a transparent poly-
vilchloride cover (P.V.C) and an opaque polyethylene cover [15]. The results showed 
that the PVC cover was more effective to keep the pool water temperature higher than 
the opaque cover, but seemed that the latter had higher life expectancy than the availa-
ble materials on the market that period.  
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In 1982, Govind and Sodha [16] carried out a study trying to understand the thermal be-
havior of a swimming pool exposed to solar radiation and environmental conditions and 
the efficiency of a P.V.C cover for heating and maintain the temperature of the pool wa-
ter. Their results came along with the results of Czarnecki’s investigation. 
Szeicz and McMonagle [17], in 1982 enquired into the energy performance and the wa-
ter temperature of urban swimming pools, placed in Toronto, using standard and de-
rived meteorological data familiar as micrometeorological equations of turbulent trans-
fer and radiative exchange for a whole summer. During the simulation scenarios, the 
impact of 16 combinations of sheltering, landscaping, shading and use of solar blankets 
and solar pool heaters was evaluated according to the thermal behavior of the swimming 
pool and the upshot of the investigation appeared to be that the crucial energy loss from 
the pools was due to evaporation during the daytime and to long-wave radiation at 
nighttime. Although all combinations seemed to increase the water temperature, only 
solar collectors and solar blankets were proved more effective than the conventional 
pool heaters, despite their special treatment. The construction of windbreakers would be 
also a choice when a pool is exposed in a windy area. 
A transient analytical study, in 1987, was carried out by Tiwari and Yadav [18] for an 
Australian solar swimming pool, investigating the water temperature with both covered 
and uncovered water surface and with or without a heat exchanger. On the report of 
their study, the results showed that the pool water temperature was increased by cover-
ing the system with a portable insulation (tripal) at night. Additionally, an ascertainment 
during their experiments was that for cold climates, the use of heat exchanger, com-
bined with solar collectors would be considerable challenge. 
Later, although, the new technologies that were investigated for the utilization of solar 
energy by the use of solar thermal systems for heating both indoor and outdoor swim-
ming pools seemed to be way more efficient than the conventional passive systems, re-
ducing crucially the energy cost and extending more successfully the swimming period. 
Since this thesis deals with a public indoor swimming pool in Mediterranean region, a 
brief and a more detailed description of active solar heating for both public outdoor and 
indoor swimming pools are cited below respectively.  
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2.3.2 Active solar systems 
Τhe last decades, several studies have been conducted in active solar systems for 
swimming pools for different climatic periods and environments since solar energy con-
sists aν unlimited energy source and contributes to the reduction of CO2 emissions in 
the atmosphere. Particularly, in 2006, under the European “Intelligent Energy-Europe” 
program, the “SOLPOOL” project was implemented in order to extend the use of solar 
collectors for heating the outdoor swimming pools and decrease by 10% the total re-
quired energy for heating, in countries with high solar potentials. 
In this section, a brief overview about outdoor swimming pools is referred, in an at-
tempt to present the solar systems that have been used to minimize the heating energy 
requirements. Additionally, although the international literature, about the utilization of 
solar energy for large indoor swimming pools and large aquatic centers, is limited due 
to high cost, insufficient space and large energy needs for the aquatic centers [8], an ef-
fort is made in order to present the case studies as stated by the solar systems that have 
been used for HVAC purposes.  
Outdoor swimming pools 
In Mediterranean climates, and climates same as these, outdoor swimming pools are 
very common as the can be used for a long period of time. In order to be occupied al-
most all year round, solar active systems became very popular the last 30 years, since 
they extended the swimming season more effectively and provided better thermal com-
fort than the conventional heating systems. 
One of the first experimental solar systems for swimming pool heating in the Mediter-
ranean region was attempted in 1986 by Cusido and Puigdomenech [19]. They found 
out that the use of high-efficiency solar collectors were more energy-saving and extend-
ed the period of usage of the swimming pools to a larger extent than the transparent 
coverings and thermal blankets. The latter were proposed to be used when the pool was 
unoccupied, as they decreased the evaporation losses during night. 
Later that year (1986), Dang investigated the performance of solar collectors for heating 
a school swimming pool in northern India, providing a recommendation for the installa-
tion of the swimming pool water heating system [20].  
In 1992, Alkhamis and Sherif carried out a study for the viability of a solar-assisted 
heating system for an outdoor Olympic size swimming pool placed in University of Mi-
ami’s Aquatic Center [21]. The system consisted of a heat exchanger, two storage tanks, 
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for swimming pool and domestic hot water, and an array of flat plate collectors. They 
found that the system’s life cycle wasn’t economical after a period of 10 years.  
Molineaux et. al, in 1994, conducted an investigation into the thermal performance of 
five outdoor swimming pools, in Switzerland, heated by unglazed solar collectors [22]. 
They performed calculations and measurements of the heat losses of the swimming 
pools and determined the well-suited values of the empirical parameters involved in the 
thermal equations by using multilinear regressions. 
On the report of a study by Ruiz and Martinez in 2010 [23], an active solar system was 
used for the heating energy demand of an open-air private swimming pool in Spain, 
aiming to expand the swimming season. The TRNSYS software was used for purposes 
of examining the validity of the registered water temperature and meteorological data, 
comparing the results with experimental ones. The motivation of the study was the 
evaluation of the capability of the unglazed solar collectors to heat a 50 m2 swimming 
pool. The simulation was carried out for different collector areas and the number of the 
collectors was decided, each time, by a standard rule of thumb. The conducted results 
pointed that the more the collector area was increased, the more the pool temperature 
and the heat losses from the pool were increased proportionally. A proposed solution 
was the use of a cover pool to reduce the evaporation losses as well as the radiative and 
convective losses. 
The intention of a second study, by Katsaprakakis (2015), was the verification of the 
economical and technical operation of an outdoor swimming pool during the cold peri-
ods, using active or passive solar systems [24]. Once more, TRNSYS was implemented 
on an Olympic and a training size swimming pool for the assessment of the different 
heating modes. The outcome of the study was that 90% of the total heating load was 
covered by passive systems (swimming pool’s enclosure and disposal of insulation cov-
er on the surface of the swimming pool) and the rest 10% was covered by active solar 
systems (combi-system of solar collectors and biomass heater, single biomass heater or 
geothermal heat pump co-operating with vertical geothermal heat exchanger). The pay-
back period was found almost 3 years for all scenarios.  
Another approach for the pool water heating, except from the solar collectors and the 
insulation covers, is the use of Phase Change Materials (PCM) in the sidewalls and bot-
tom of the pool and in an external heat exchanger, introduced by Zsembinszki et. al. in 
2011 [25]. In that way when the water temperature drops below the desired one, stored 
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heat in the PCM is released, increasing the pool water’s temperature. This study was 
implemented in 3 different location in Spain and the results indicated that the encapsula-
tion of the PCM in external heat exchanger was more efficient than the filling of the 
bottom and the sidewalls of the pool, due to the unpredictable weather conditions. 
Finally, energy audits were performed by Mousia and Dimoudi (2015) for purposes of 
assessing the energy performance of outdoor swimming pools in Greece. The results 
depicted a lack of environmental and energy saving consciousness, as only the 18% of 
the total 76 examined swimming pools had installed solar collector. [26]. 
Indoor swimming pools 
Indoor swimming pools turn to be more preferable than the outdoor ones, as they can 
extend the period of use throughout the year, providing comfortable environment even 
during the cold periods. Also, they appear more advantages over the outdoor pools, such 
as easier cleaning, less maintenance and protection from outdoor environmental condi-
tions [27]. Nevertheless, huge amounts of energy must be consumed for an indoor 
swimming pool facility. In consequence, solar active systems seems to be the most effi-
cient utilization of solar energy for indoor swimming pools, since they cannot be heated 
passively by solar irradiation. An analytical review is presented below about the active 
solar systems for indoor swimming halls, as they consist the main topic of this thesis. 
Solar thermal collectors 
One of the oldest research about the active solar systems in indoor swimming pools, has 
been conducted by Singh et. al. in 1989 [27]. The paper focuses on the necessity of 
heating the indoor swimming pool, by avoiding conventional, costly systems and focus-
ing on solar energy, in an effort to make swimming enjoyable and comfortable through-
out the year. The study carried out in an indoor swimming pool, located in Sri Nagar, 
India, under cold conditions (17 January). The swimming pool was connected with a 
panel of collectors, operating in active mode. The results of the study were compared 
with the measurements of an Australian swimming pool that was connected with solar 
panels, working on active/passive mode. It is noteworthy that active operational modes 
of indoor swimming pools are more preferable for colder climates than hotter climates. 
The conclusion of the study leads to the conjecture that the pool water temperature in-
creases with the rising of the initial water temperature, the collector area and the heat 
removal factor of the collectors.  
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Subsequently, Tiwari and Sharma (1990) worked on the effective design of an indoor 
swimming pool heating system with solar collector panels [28].The system’s efficiency 
was examined under a given design parameters (solar collectors and heat exchanger de-
sign) and climatic conditions. The Figure 2.3, illustrates a cross-sectional view of the 
solar system for the pool water heating. 
 
Figure 2.3: cross-sectional view of the indoor swimming pool heated by solar energy [28]. 
The outcome of the study was that by increasing the collector area and decreasing the 
fluid-flow rate, the better the system’s efficiency would be and the use of unglazed strip 
collectors would be a more economical choice than other collector types. 
A recent approach, taking into advantage the utilization of solar energy with the use of 
evacuated tube collectors, was carried out by Bataineh in 2014, for the Jordan Universi-
ty of Science and Technology indoor Olympic swimming pool [29]. The system is 
mostly composed by evacuated solar collectors, heat exchanger, hot water storage tank, 
auxiliary boiler, circulation pump and a controller. A schematic diagram of the system 
is presented in Figure 2.4. 
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Figure 1.4: Schematic diagram for solar thermal system swimming with secondary heater [29]. 
The operational principles of the system are: After the heating of water through the so-
lar collectors, it is pumped and supplied, from the controller, to the heat exchanger and 
the hot water tank. Through the heat exchanger, hot water releases its heat into the 
swimming pool and is driven back to the collectors. The controller is, also, responsible 
for the monitoring of the swimming pool water temperature and for the restraint of the 
water’s amount to the pool and the domestic hot tank. Different calculations were com-
puted for the energy balance of the swimming pool and the effect of the parameters on 
the performance of system were investigated. The conclusion of the study was the im-
portance of implementing a pool cover for the reduction of heat loses and the ability of 
the system to provide 100% saving in primary energy of both pool heating and domestic 
hot water for a collector area equal to 53% of the pool surface, while a collector area of 
40% and 26.6% of the pool surface, result to 87% and 59% of primary energy saving 
respectively. Finally, net present value analysis was performed for different collector 
areas, concluding to a 200 m2 surface for the utilization of the system.  
Another study, for the solar heating of an indoor swimming pool, with the use of 
evacuated tube solar collectors, was presented by Aboushi and Raed in 2015. [30]. The 
study was engaged with the thermal performance and the life cycle energy cost of a 50 
m3 indoor swimming pool in west Amman-Jordan. The designed temperature of the 
room was set to 24 °C. A series of calculations were performed for the heat losses of the 
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swimming pool, concluding that 77% of the consumed energy is wasted due to the 
evaporation of the pool water. The recommended solution, in order to minimize the 
evaporation losses, was the use of a thin film cover during night, when the swimming 
pool is unoccupied. Also, it was found that the energy saving, due to the proposed sys-
tem, was around 75% and the payback period less than a year.  
However, increasing the collector area, as stated by Tiwari’s research, means that large 
rooftops or huge outdoor space are required. Nevertheless, design constrains arising out 
of the high density cities and leads to incorrect utilization of the solar energy. For this 
reason, more recent researches concentrate on the exploitation of heat pumps, more 
commonly, coupled with flat plate collectors, for space heating and pool water heating 
[31][32][33][34][35][36].  
An example, accounts for Chow et. al. (2012), who examined a new design application 
of an indirect solar assisted water-source heat pump (SAHP) for space and water heat-
ing of an indoor swimming pool in Hong Kong [37]. The Figure 2.5 presents a schemat-
ic overview of the SAHP system. 
 
Figure 2.5: Schematic overview of the indirect solar assisted heat pump system [37]. 
The main components of the system is an array of solar collectors, a solar tank and the 
distribution pipes. An on-off differential controller indicates the temperature difference 
between the collector outlet and the lower end of the solar tank and imposes the fluid of 
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the solar collector to circulate in the solar loop. Also, a temperature controlled liquid 
flow diverter is in charge of the correct mixture proportion of the outlet hot water from 
the tank and the recirculating pool water that entered the water tank from the bottom in 
order to be re-heated. Concerning the water source heat pump, is designed to give prior-
ity for space heating, as a supplementary source (an extra heat exchanger between the 
compressor and the condenser) produces extra hot water when the solar irradiation is 
inadequate and works as a heat sink when the refrigerant is overheated. Finally, the re-
circulating pool water is delivered in the desirable temperature by an external auxiliary 
heater and the heat losses of the distribution piping system are taken into consideration, 
setting the temperature point to a certain extend higher than the final pool water supply 
temperature.  
The energy performance of the system, both for hot water production and space heating, 
was evaluated under the TRNSYS simulation environment and meteorological data 
were received for five-month operation (November-March). The upshot of the study 
was that the system was correctly designed to meet the energy demand of the swimming 
pool, as the recirculation pool water temperature could reach 32 °C and the pool space 
temperature could reach 29 °C. The COP of the SAHP system was estimated to be 4.52, 
the global energy saving factor could reach 79% in November and the payback period 
was less than five years. 
Also, Tagliaico et. al (2012) focused on the use of a Water Solar Assisted Heat Pump 
(W-SAHP) in an effort to heat the pool water of an Olympic size swimming pool [38]. 
Different climatic temperatures, solar irradiance and degree days were taken into con-
sideration for 110 Italian Municipalities, for a given thermal load of 150 KWt. The en-
ergy performance of the W-SAHP was evaluated according to the primary energy sav-
ings compared to the degree days of each site. The criteria for the selection of the W-
SAHP over a Direct Expansion Solar Assisted Heat Pump were mostly based on the fact 
that a W-SAHP works in lower temperatures and can be coupled with cheap unglazed 
collectors. This advantage was exploited for the setting of the system, as the heat pump 
was designed to work with an outlet temperature around 40-45 °C, so that the pool wa-
ter not to exceed 28 °C. The system consists of a 1.78 m2 unglazed flat plate collectors, 
a water-to-water heat pump, a bypass valve, a storage tank, an auxiliary gas-fired boiler 
and two heat exchangers and was set to meet the energy demand of the swimming pool 
throughout the year. The Figure 2.6 below presents a simplified scheme of the W-SAHP 
plant for the heating of the heating of the pool water.  
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Figure 2.6: A schematic diagram of the W-SAHP plant for swimming pool water heating [38]. 
The hot water, that leaves the solar collectors, is driven to the evaporator heat exchanger 
and a bypass valve is used to connect the solar panels directly to the heat storage, when 
the solar irradiation is adequate to cover the energy demand of the swimming pool. The 
condenser of the heat pump is connected to a storage tank and water is fed to the prima-
ry heat exchanger in order to pre-heat the pool water at 28 °C, before it enters in the 
swimming pool. When the solar radiation is limited, an auxiliary gas-boiler is used to 
heat the pool water. 
The results of the study were concentrating on the fact that, although the high spread of 
climatic and geographical data, the designed system was correlated to the degree days 
of each site and consequently, the system can be extended in other geographical loca-
tions. Nevertheless, the study was theoretical and there was not any experimental back-
ground to verify the results. 
Photovoltaic- Thermal (PV/T) Collectors  
The last decades, there has been an interest in the hybrid solar systems based on the 
PVT collectors. A photovoltaic/ thermal collector constitutes of a photovoltaic panel 
(PV) and a solar thermal collector (SC), which has the ability to turn the solar irradia-
tion into electricity and heat [39][40][41]. Despite the fact that a lot of investigators 
handled with the PV/T systems in general, the applications of PV/T plants for the 
swimming pool facilities barely exist. An endeavor to adopt such application to meet 
the energy demand of a sport center, was made by Bai et. al. in 2012. [42]. The study 
presented a theoretical-economical analyses on the combined hybrid PV/T solar assisted 
heat pump system for water production of a hypothetical sport center, of 3200 m2, under 
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the climatic conditions of Hong Gong. The sport center included an indoor swimming 
pool, a sport hall, a gym, several general minigames rooms and other facilities such as 
changing rooms, lobbies, canteens and offices. Figure 2.7 depicts a prospective view of 
the sport center.  
 
Figure 2.7: A prospective view of the hypothetical sport center [42].  
The system was designed in order to use the solar heat source for water preheating. The 
main components of the system was an array of hybrid PV/T collectors, a plate heat ex-
changer and solar storage tanks. Figure 2.8 shows a schematic overview of the indirect 
PV/T solar-assisted heat pump system. 
 
Figure 2.8: Schematic overview of the indirect PV/T solar assisted heat pump system [42]. 
According to the Figure, the temperature difference between the exit of the solar collec-
tors (T1) and the bottom of the storage tank (T7) impels the fluid, in the thermal collec-
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tors, to circulate, on the hot side of the heat exchanger. The circulation of the fluid is 
controlled by an on-off controller R1. The dead bands were set at 10 °C, as maximum 
temperature, and 2 °C, as lower one. Also, on the cold side of the heat exchanger, cold 
water is drawn from the bottom of the tank, passes through the heat exchanger, which is 
connected with the solar collectors and returns to the storage tank in higher temperature. 
Same as before, the circulation of the water is controlled by an on-off differential con-
troller R2 and the dead bands are set in the same temperature as R1. The system was de-
signed in that way, so a part of the feed water enters the bottom of the solar tank and the 
other part, mixed with the existing water, enters the heat pump, where a temperature 
controlled liquid flow diverter, supervises the proportion, corresponding to the desired 
load water temperature. Nonetheless, if the water hasn’t reach the desired delivery water 
temperature, a heat pump is responsible for the reheating. Finally, there is an external 
auxiliary heater in order to retain the pool water temperature in the desired one. The 
heat exchanger of solar tank is set in motion only during the cold periods.  
The system was simulated in TRNSYS and the computed results showed that the sys-
tem’s COP was around 4.1 and the fractional factor of energy saving was approximately 
67%. The study, however, did not consider the thermal behavior and the heat demand of 
the swimming pool. 
From that perspective, none of the available studies investigated the use of PV/T plant 
for a swimming pool facilities, until 2015, where Buonomano et. al. examined the feasi-
bility of a hybrid solar system for indoor/outdoor swimming pool in Naples, South Italy 
[43]. The pool facility is formed by a semi-Olympic pool with 600 m2 total surface and 
1260 m3 volume, in a sport center. The system was designed for purposes of pool water 
heating, electricity production and DHW production, in a way to provide a comfortable 
environment for the occupants and supply the swimming pool facilities with electricity. 
The solar energy system was based on PV/T collectors and the classification of the in-
door and outdoor swimming pool occurred by focusing on the operational schedule of 
the pools. The indoor swimming pool operates all year round and the outdoor from May 
to September. Meteorological data were taken into account only for the thermal behav-
ior of the outdoor swimming pool. The proposed system, for the energy demand of both 
swimming pools, is shown in Figure 2.9. 
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Figure 2.9: A schematic overview of the heating system [43]. 
The system consists of a PV/T array of water-cooled cogeneration pane collectors with 
cover glass and a photovoltaic panel placed on the top of the absorber. The panels are 
placed in 30° inclination, without tracking system. TK1 represents a vertical stratified 
hot storage tank that supplies heat both for swimming pool heating and DHW produc-
tion. Also, TK2 is a vertical stratified hot storage tank with an internal heat exchanger, 
responsible for the DHW storage. HE1 is a counter flow heat exchanger that deliver 
thermal energy to the indoor/outdoor swimming pool. There is also, an auxiliary heat 
exchanger, HE2, which is responsible for providing thermal energy to both swimming 
pools, when the solar irradiance is insufficient to cover the energy load. Moreover, 
overflow of the pool is delivered to a pool balancing tank, BT, placed in an enclosed 
tank. Finally, there is a fixed volume pump, P1, for the circulation of the fluid in the 
thermal collectors and a fixed volume pump, P2, for the circulation of the hot fluid from 
the tank to the heating devices. In line with the Figure 2.9, four different colors repre-
sent four different liquids that can be established as: (i) a heat transfer fluid inside the 
solar collectors, HTF, which consists a mixture of water and glycol and circulates be-
tween the PV/T collectors and the tank, (ii) a mixture of water an glycol, hot fluid HF, 
that moves from the tank to the heating devices, (iii) a pool water PW, which can be the 
recirculating pool water that runs from the pool to the heating devices, or overflow pool 
water that flows from the pool the BT, or water that circulating between the BT and the 
pool recirculating system, or filter backwash discharge water and (iv) domestic hot wa-
ter DHW. 
The system operates as follow: The PV/T collectors convert the solar irradiation in elec-
tric energy, for swimming pool facilities, and in thermal energy, for the heating of the 
outlet water at the collectors. In that way, the HTF, which is circulated by the P1 pump, 
is heated up and fed to the tank TK1, where it is stored. In TK1, the HF is circulated by 
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P2 pump and fed to HE1 and to TK2. This flow is accomplished with the use of a mixer 
(M) and a diverter (D). A controller measures the temperature of the outlet water at the 
bottom of TK1 and if the temperature exceeds of the desired one, HF is removed from 
TK1. On the other hand, if temperature drops below the desired one, the control system 
abolishes the flow from TK1 and the diverter D sends the hot HF to HE1 until the pool 
temperature is restore to 28 °C. There is, also, the auxiliary HE2 heater that provides 
heat to the pool when the HE1 is not adequate to heat the pool water. 
The energy performance of the system was simulated by TRNSYS, taking into consid-
eration the indoor environmental conditions, the number of occupants and the energy 
production of the power plant and calculating the thermal losses of both swimming 
pools, providing an economical background of the applied energy system. The results of 
the study can be summarized in the high performance and ability of the designed system 
for full utilization of the solar energy. However, the economic analysis showed an un-
profitable system due to high cost of PV/T collectors and the author emphasizes on ne-
cessity of public incentives for the feasibility of these systems.  
Waste heat recovery systems  
The energy consumed for space heating and the heating of the pool water in indoor 
swimming pools are not the only considerations in terms of energy costs and savings. 
Ventilation losses with the exhaust air is another problem that intensify the high energy 
demand of an indoor swimming pool, since the evaporated water from the pool, when is 
exhausted, contains a lot of moisture and has specific enthalpy, so the heat from the 
evaporation is hard to recover. 
There are some detailed studies that deal with ventilation issues and the assessment of 
different waste heat recovery systems.  
The conventional ventilation-technique uses outdoor air to remove the evaporated water 
from the pool surface. However, in some cases, the outdoor air is humid enough with 
high concentration of water vapors. Hence, in the last years, in many indoor swimming 
pools, the air is dehumidified by means of a heat pump.  
The heating of an indoor swimming pool, during winter, demands the provision of sen-
sible heat and, in the same time, the removal of the latent load.  
An open cycle absorption system was investigated by Westerlund and Dahl, in 1994, for 
the ventilation of a public indoor swimming pool, in north Sweden [44]. Two different 
systems, a conventional and an open absorption one, were compared. The open absorp-
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tion system seemed to be appropriate for use in a public bath, since it provides more en-
ergy saving, decreasing the heat supply, than the conventional system. However, the 
electricity demand for the operation of the open absorption system was increased, re-
sulting to the generation of the electric energy supply by another source, such as natural 
gas. Finally they found out that the payback period of the system was varying between 4 
to 5 years. 
Another study for an open cycle absorption system was presented by Lazarrin and Lon-
go, in 1996, in order to introduce low-humidified fresh air, operating by chemical de-
humidification on the exhausted air, for public indoor swimming pools. [45]. They in-
vestigated and compared different ventilation systems and they concluded that simple 
ventilation required 40% more energy than a waste heat recovery system and the new 
open-cycle heat pump provides energy-saving similar to an engine driven heat pump, 
while the latter requires more initial capital and maintenance.  
In 2001, Johansson and Westerlund, compared the energy demand of a conventional 
ventilation system with two different waste heat recovery techniques, a mechanical heat 
pump and an open absorption system, for an indoor swimming pool in Sweden [46]. 
Despite the fact that a mechanical heat pump is more common in Scandinavian coun-
tries, the annual energy demand was reduced by 20% with the open absorption system, 
while with a mechanical heat pump by around 14%. Additionally, increasing the tem-
perature in the facility, the energy demand can be reduced, even when conventional 
ventilation systems are used. Nevertheless, calculations showed that using a mechanical 
heat pump or an open absorption system, higher energy saving can be achieved than us-
ing conventional ventilation techniques. 
Sun et.al, in 2011, probed the use of a heat pump to recover the latent heat from the de-
humidification of the moist air of an indoor swimming pool and use it in order to heat 
the pool water and the space [47]. In the case study, a 225 m2 pool facility, placed in 
Shanghai, China, was investigated and heat and moisture gains were calculated in order 
to build the operating model of the heat pump dehumidifier, based on indoor environ-
mental conditions, analyzed by human thermal comfort and energy saving models. Fi-
nally, economical analysis was carried out and the results showed a very low payback 
period of 1.10 years correlated to the conventional dehumidifier. 
The aforementioned literature presents a benchmark of the different systems that have 
been used for space and water heating in swimming pools and is the cornerstone for the 
 25 
selection of the appropriate solar system to cover the energy demand for the swimming 
pool in this thesis.  
Given the fact that this thesis deals with a fairly large public swimming hall, which con-
sists of two indoor swimming pools with a total WS of 501.25 m2, being a training facil-
ity for competition sports but also for leisure and recreation of citizens, it is only rea-
sonable to have significant energy consumption. 
Most studies met in literature examine the use of unglazed solar collectors, considering 
that most systems were designed to drain back to the pool when not in use, which is 
common practice in Central and Northern Europe. However, in our case this is not hap-
pening and therefore, in the author’s opinion, the use of glazed solar collectors seems a 
more suitable solution. The selection of this type of collectors lies in the fact that un-
glazed solar collectors, since they are not insulated, can’t operate efficiently in colder 
conditions or when there is domestic hot water (DHW) demand. On the other hand, 
glazed collectors, when they operate with heat exchangers and transfer fluid, capture the 
solar irradiation more efficiently than the unglazed ones in colder climates. Thereupon, 
glazed collectors, except from pool water heating, can be used in DHW heating year 
round.  
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3 Methodological approach 
Heat losses of an indoor swimming pool hall depends on several sources of energy loss. 
The main primary energy consumption is mainly account for space and pool water heat-
ing and ventilation of pool facility [2].  
The convection heat losses through ceilings, walls and windows in a pool enclosure oc-
curs due to the great difference of outdoor air compared to indoor air. Uncontrolled heat 
losses can create a discomfort indoor environment for the occupants and also increase 
the rate of evaporation on the pool water surface. Moreover, the heat losses from a 
swimming pool depends on the temperature difference of water and ambient air, air 
humidity, air flow velocity above the pool, flow rate and temperature of the cold water, 
and thickness and quality of pool insulation. [48]. Finally, ventilation losses are associ-
ated with heat losses through exhaust air and the input of fresh outdoor air into the facil-
ity.  
In this section, the calculation procedure of the main energy losses of a Natatorium are 
presented, in order to find the total energy demand for space, pool water and Domestic 
Hot Water (DHW) heating of the facility. This information are used for the proper de-
sign of the solar thermal system and the insurance of maintaining comfortable environ-
mental conditions in the examined swimming hall. 
3.1 Energy balance of indoor swimming pools  
Heat losses from indoor swimming pools occurs by a variety of mechanisms. Sensible 
heat transfer by convection (Qconv), latent heat losses are connected to evaporation 
(Qevap) and net radiative heat exchange with the surroundings take place at the pool sur-
face (Qrad). Also, conductive losses occur through the walls and bottom of the pool to 
the ground (Qcond). Less notable heat losses are linked to the flow of pool water through 
pipes and filters, the replacement of evaporated water with makeup water and the pool 
water heating system. [49]. A compendious scheme of the different heat transfer mech-
anisms that occur in a swimming is presented in Figure 3.1. 
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Figure 3.1: Energy balance model scheme for swimming pool [48].  
In a few words, the main losses/gains that can affect the energy balance of an indoor 
swimming pool can be summarized as: 
 Convection from the pool water surface 
 Evaporation from the pool water surface 
 Radiation from the pool water surface 
 Conduction to the bottom of the pool 
3.1.1 Convective heat transfer 
Convection between the pool water surface and the environment occurs due to the tem-
perature difference between the pool water and the air. When water or air velocities are 
near zero or zero (u=0), then natural convection occurs. Moreover, evaporation intensify 
natural convection by changing the density of relative humidity in the air. Convective 
heat transfer doesn’t take place when air and water temperatures are equal and only la-
tent heat losses that are linked with evaporation, occur due to diffusion of the pool water 
into the air room [49].  
The convective heat-loss rate per unit area, Qconv, is given as: 
Qconv = A h (Tp – Ta)                  
  h = 0.22 (Tp – Ta) 1/3 
3.1.2 Evaporative heat transfer 
The water evaporation from the free water surface of an indoor swimming pool plays an 
important role to the total energy balance of the pool building [48][50][51][52]. Moreo-
(1) 
(2) 
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ver, accurate calculation of water evaporation in an indoor swimming pool are crucial in 
order to estimate the energy consumption of the facility and ensure the proper sizing of 
HVAC system.  
On an undisturbed water surface, a very thin layer of air, which is in contact with water, 
quickly gets saturated due to molecular movement at the air-water interface. If there is 
no air movement, evaporation occurs entirely by the molecular diffusion, in a low pro-
cess. However, if there is air movement, the thin layer of saturated air is carried away 
and is replaced by the dry room air and evaporation proceeds immediately. As a result, 
air movement is vital mechanism that determines any significant amount of evaporation 
to occur [61]. 
Air movement can occur due to two mechanisms: 
1. Building ventilation system count for air currents in indoor pools, while wind for 
outdoor pools. This is the forced convection mechanism.  
2. Natural convection can also cause air currents (buoyancy effect). Room air in 
contact with the water surface gets saturated and therefore becomes lighter com-
pared to the room air, and moves upwards. The heavier and drier room air 
moves downwards to replace it.  
For outdoor swimming pools, forced convection is usually the most common mecha-
nism, while for indoor pools, natural convection mechanism usually conquers over 
forced convection. Due to the high frequent of this phenomena, many studies have been 
conducted for predicting water evaporation rate and the effect of moving air from a free 
water surface. [50][51][53][54][55][56][57][58][59][60]. 
Estimation for water evaporation rate, for both unoccupied and occupied indoor swim-
ming pools, will presented below, since this thesis is carried out for the sizing of a 
HVAC system for a public indoor swimming hall.  
Unoccupied indoor swimming pools  
Countless empirical correlations have been presented for unoccupied indoor swimming 
pools, with Carrier’s formula, which was introduced in 1918, to be the most widely used 
both for occupied and unoccupied swimming pools. 
 
Where Δp is the vapor pressure difference between air saturated at pool surface temper-
ature and the room air. However, this formula derived from tests that were done on an 
unoccupied swimming pool where evaporation rates were calculated without forced air 
(3) 
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flow and it had been discovered that this formula overpredicted the evaporation rates 
and the results deviated enough from the real experienced predictions [50].  
So, ASHRAE Handbook introduced different multiplication factors, known as activity 
factors FA, in order to be applied in Carrier’s formula and bring predictions closer to the 
real one. Table 3.1 presents the activity factors, FA, for various pools to be used with 
Carrie equation, as given in ASHRAE Handbook (2007). 
Table 3.1: Activity factors, FA, for various pools to be used with Carrie equation, as given in 
ASHRAE Handbook (2007) [62]. 
Type of pool Air temperature, C Water temperature, C Relative humidity % FA 
Baseline (unoccupied pool of any type) Any Any Any 0.5 
Residential pool 24 to 29  24 to 29  
 
50 to 60 
0.5 
Condominium 24 to 29 24 to 29 0.65 
Hotel 28 to 29 28 to 30 0.8 
Public, school, competition 24 to 29 24 to 29 1.0 
Therapeutic 27 to 29 29 to 35 0.65 
Whirlpool, spa 27 to 29 36 to 40 1.0 
 
These activity factors derived from any documented tests, but they were introduced by 
ASHRAE Technical Committee members in order to proper size the demudification 
equipment.  
However, the most trustable formula for the prediction of evaporation rate for unoccu-
pied swimming pool was finally derived from the empirical correlations of Shah (2002, 
2008), best-known as the relationship of analogy between heat and mass transfer during 
natural convection [50][51]. 
E0 = K Apool ρw (ρr - ρw)1/3 (Ww – Wr)                  
 
Where K is a constant defined as: 
K= 35,       for (ρr - ρw) > 0.02 
K = 40       for (ρr - ρw) < 0.02 
If (ρr - ρw) is negative, then its absolute value is used. 
 
Furthermore, since ventilation systems have supply diffusers on the top of the wall near 
the swimming pool and return diffusers on the opposite of the pool, this system configu-
(4) 
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ration can create air currents above the pool, as the density of the air at the pool surface 
is higher than the density of the room air. 
Thus, Shah, also, developed a formula by analyzing the data at negative density differ-
ences, for evaporation due to ventilation air currents. 
E0 = 0.00005 (ρr - ρw)                   
So, by calculating evaporation with the use of Equations (4) and (5), the larger of the 
two is the evaporation rate from unoccupied swimming pools. 
Table 3.2 depicts the evaporation rate from unoccupied swimming pools in SI units at 
typical design conditions calculated from Shah’s formulas [62] 
Table 3.2: Evaporation from Unoccupied Pool (E0): Space Air Temperature and Relative Hu-
midity [62]. 
Water tem-
perature, C 
25 C 26 C 27 C 28 C 29 C 30 C 
50% 60% 50% 60% 50% 60% 50% 60% 50% 60% 50% 60% 
25 0.1085 0.0809 0.0918 0.0636 0.0732 0.0515 0.0637 0.0450 0.0583 0.0382 0.0523 0.0311 
26 0.1355 0.1042 0.1171 0.0872 0.0997 0.0693 0.0806 0.0547 0.0677 0.0479 0.0626 0.0479 
27 0.1579 0.1290 0.1433 0.1118 0.1262 0.0941 0.1081 0.0753 0.0885 0.0582 0.0723 0.0510 
28 0.1877 0.1556 0.1711 0.1380 0.1539 0.1200 0.1360 0.1014 0.1171 0.0818 0.0960 0.0618 
29 0.2174 0.1841 0.2006 0.1661 0.1831 0.1477 0.1651 0.1287 0.1459 0.1092 0.1268 0.0888 
30 0.2483 0.2146 0.2312 0.1962 0.2136 0.1773 0.1953 0.1579 0.1765 0.1380 0.1570 0.1176 
31 0.2831 0.2474 0.2655 0.2285 0.2475 0.2091 0.2289 0.1892 0.2098 0.1688 0.1900 0.1480 
32 0.3192 0.2825 0.3013 0.2631 0.2829 0.2432 0.2639 0.2228 0.2445 0.2019 0.2244 0.1805 
39 0.6461 0.6035 0.6256 0.5808 0.6045 0.5575 0.5827 0.5334 0.5604 0.5087 0.5379 0.4833 
40 0.7051 0.6617 0.6842 0.6386 0.6627 0.6148 0.6405 0.5903 0.6177 0.5655 0.5943 0.5391 
 
Occupied swimming pools 
According to different studies, evaporation from occupied swimming pools is more in-
creased than of unoccupied swimming pools [50][51][58][63]. The effect of increased 
evaporation rate in occupied swimming pools is mainly caused due to [48][50]:  
1. The formation of waves from the disturbance of the water surface leads to an in-
creased water surface area, where mass transfer takes place 
2. The splashing and drip from the swimmers creates a wet deck and leads to in-
crease water surface of pool, where mass transfer takes place  
(5) 
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3. The exposure of wet bodies to air leads, also, to increase water-air surface area 
with higher evaporation rates than that of the pool surface due to higher body 
temperatures compared to pool water temperatures  
4. The activity of the swimmers create sprays of water resulting to increased water-
air surface area 
Smith et. al. [64] presented an empirical formula for the occupied pool as: 
 
This formula for the occupied swimming pool as a function of pool occupancy factor 
based on correlation with test data. Thereinafter, Biasin and Krumme [65] proposed a 
formula with correlation for occupancy values between 0.1 and 0.7. 
 
But this formula was inaccurate, as their correlation was influenced by evaporation from 
showers.  
So, Shah (2003) derive an empirical equations through regression analysis for fitting all 
available data for fully occupied and partially occupied public pools with a mean devia-
tion of 16.2% [50]  
E= 0.113 – 0.000079 / Fu + 0.000059 Δp 
Where Fu is the pool utilization factor defines as: 
 
Where N is the number of occupants, and Amax is the pool area per person at maximum 
occupancy. Biasin and Krumme have given figures from German standards according to 
which Amax is almost constant at 4.5 m
2 per person for ordinary swimming pools [65]. 
Moreover, the values both for water vapor pressure, pr, at room temperature and humidi-
ty and the water vapor saturation pressure, pw, are given in the Psychometrics 2001 
ASHRAE Fundamentals Handbook [66]. Some indicative values for the calculation of 
water vapor saturation pressure, at a small range of air temperature, are given in Appen-
dix, Table 1. Values for the calculation water vapor pressure at room temperature and 
humidity are taken from psychometric chart in Appendix, Figure 1. 
After the calculation of evaporation rate of a swimming pool, the formula introduced by 
Bradley and Wells, best describes the way in order to find rate of heat loss by evapora-
tion per unit area [49]. 
Qevap = E hwe                   
(6) 
(7) 
(8) 
(9) 
(10) 
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3.1.3 Radiative heat transfer 
Heat is transferred from the surface of the pool by the exchange of infrared radiation 
(long-wave radiation) with the room enclosure. All room surfaces (e.g., the walls and 
ceiling) are assumed to be at a uniform temperature equal to the room-air temperature, 
and the air is assumed not to act like a transparent medium. So, the heat flow rate by 
longwave radiation is reduced to the heat flow rate to a full radiator and the relation can 
be expressed as [49][63]: 
 
Qrad = Apool εwt σ (Tpl4 – Tw4) 
 
Where εwt is equal to 0.9 for indoor swimming pools and σ is equal to 5.68 10-8 W/m2K4. 
3.1.4 Conductive heat transfer 
Heat transfer though conduction from the bottom and the sides of a built-in swimming 
pool to the ground is small due to the poor thermal conductivity of the soil [49]. Con-
duction losses are estimated by the formula: 
Qcond = U Aw,b (Tp – Tg)                  
 
Where U is the average overall conductive heat transfer coefficient (in W/m2 C). Based 
on experimental data for uninsulated concrete basement floors, with 10 cm thick con-
crete walls, 2.5 cm thick marble-cement waterproof inner linings and fiberglass rein-
forced plastic pool walls, a recommended average value for the overall coefficient of 
heat transfer is estimated to be around 0.57 W/m2 C [49]. The soil temperature Tg, at 5m 
under the pool’s surface can be considered constant and equal to 8.6 °C [67]. 
3.2 Heating loads for indoor swimming halls  
A significant part of the heat losses from a Natatorium accounts for the convective heat 
losses through the ceiling and walls and the ventilation system. In this thesis, the heat-
ing loads for an indoor swimming hall are calculated according to the European Stand-
ard prEN 12831- 2002 EN. The steps for the calculation procedure for a building entity 
or a building is presented below: 
(11) 
(12) 
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1. Sum up the design transmission heat losses of all heated spaces without consid-
ering the heat transferred inside the specified system boundaries to obtain the to-
tal design transmission heat loss of the building entity or the building  
2. Sum up the design ventilation heat losses of all heated spaces without consider-
ing the heat transferred inside the specified system boundaries to obtain the total 
design ventilation heat loss of the building entity or the building 
3. Obtain the total design heat loss of the building entity or the building by adding 
the total transmission heat loss and the total design ventilation heat loss 
4. Sum up heating-up capacity of all heated spaces to obtain the total heating-up 
capacity of the building entity or the building required to compensate for the ef-
fects of intermittent heating 
5. Obtain the total design heat load of the building entity or the building by adding 
the total design heat loss and the heating-up capacity 
3.2.1 Design transmission heat loss 
The design transmission heat loss ΦT,i for a heated space is calculated as: 
ΦT,i = Σk fk Ak Uk (θint,i – θe)                   
The values of the temperature correction fk are default values given in the Appendix, 
Table 2. 
3.2.2 Design ventilation heat loss 
The design ventilation heat loss ΦV,i for a heated space is calculated as: 
ΦV,i = 0.34 Vi (θint,i – θe)                     
Without ventilation system 
When a ventilation system is absent, the value of the air flow rate of heated space is cal-
culated as: 
Vi = max (Vinf,i , Vmin,i)                    
Infiltration air flow rate Vinf,i 
The infiltration rate Vinf,i of a heated space, induced by the wind and stack effect on a 
building envelope is calculated as: 
Vinf,i = 2 V n50 ei εi                  
(13) 
(14) 
(15) 
(16) 
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Values for the air exchange rate, n50, for the whole building, due to pressure difference 
of 50 Pa between inside and outside, are given in Appendix, Table 3. Values for the 
shielding coefficient, ei, and the correction factor, εi, are given in Appendix, Table 4 and 
5 respectively. 
Hygiene- Air flow rate Vmin,i  
For hygiene purposes, a minimum air flow rate is required. So, the minimum air flow 
rate Vmin,i is calculated as: 
Vmin,i = nmin V                   
Values for the minimum external air exchange rate per hour, nmin, are given in Appen-
dix, Table 6. The values of minimum air exchange rate, nmin, given in Table 6 are based 
on internal dimensions. In case that external dimensions are used for the calculation, the 
nmin should be multiplied by the ration between internal and external volume of the 
space (approximately, the default value of this ration is equal to 0.8) 
With ventilation system 
When there is ventilation system, the supplied air may doesn’t have the thermal charac-
teristics of the external air. In that case, a temperature reduction factor is taken into ac-
count for the temperature difference between the supply air and the external design 
temperature. So, the formula that calculates the air flow rate of a heated space is: 
Vi = Vinf,i +Vsu,i fv,i + Vmech,inf,i                  
Where  
fv,i = (θint,i – θsu,i) / (θint,i - θe)                  
Infiltration air flow rate Vinf,i 
The infiltration air flow rate Vinf,i is calculated in the same way as presented above. 
Supply air flow rate Vsu,i 
In case than the ventilation system is unknown, the ventilation heat loss is calculated as 
for an installation without a ventilation system. 
If the ventilation system is known, the supply air flow rate of heated spaces Vsu,i is de-
termined by sizing of the ventilation system is given by the ventilation system designer. 
If the supplied air comes from an adjacent room, it has the thermal characteristics of air 
in this room. If the supplied air enters the room via ducts, it is generally preheated. In 
both cases, the air flow path shall be defined and the appropriate air flow rates shall be 
accounted for in the affected room. 
(17) 
(18) 
(19) 
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Surplus exhaust air flow rate Vmech,inf,i 
The surplus exhaust air in any ventilation system is replaced by external air entering 
through the building envelope. 
If the surplus exhaust air flow rate is not otherwise determined, it can be calculated for 
the whole building as: 
Vmech,inf,i = max (Vex – Vsu , 0)                  
 
Although this thesis deals with an indoor swimming hall with ventilation system, since 
the ventilation system is unknown, the calculations of the design ventilation heat loss 
are calculated as for an installation without ventilation system. 
3.2.3 Determination of heating-up capacity  
The heating up capacity required to compensate for the effects of intermitted heating, 
ΦRH, i in a heated space is calculated as: 
ΦRH, i = Ai fRH                    
The values of the reheat factor, fRH, are given in Appendix, Table 7. The default values 
are based on the internal dimensions of floor area and can be used for room with a mean 
height not exceeding 3.5 m. 
3.2.4 Total design heat load for a heated space 
The total design heat load for a heated space ΦHL,i is calculated as: 
ΦHL,i = Φi + ΦRH,i                   
Where:  
Φi = (ΦT,i + ΦV,i) fΔΘ,i                   
The values of temperature correction factor fΔΘ,i are given in Appendix, Table 8. 
3.2.5 Total design heat load for a building entity or a building 
Calculation of the design heat load for a building entity or a building shall not take into 
account the heat transferred by transmission and ventilation within the heated envelope 
of the building entity, e.g. heat losses between apartments. 
The total design heat load for a building entity or a building ΦHL is calculated as: 
ΦHL = Σ ΦT,i + Σ ΦV,i + Σ ΦRH,i                  
(20) 
(21) 
(22) 
(23) 
(24) 
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3.3 Heat load for DHW  
According to Technical Guide T.O.T.E.E. 20701-1/2010, the daily consumption of do-
mestic hot water is calculated with the formula: 
Qd = Vd (c/3600) ρpl ΔΤ 
 
In this formula, ΔT is the temperature difference between lowest water temperature 
from supply network and the temperature of domestic hot water (45 °C). 
Katerini, where the investigated indoor swimming hall is located, belongs to climatic 
zone C. Table 3.3 shows the average monthly water temperature for climatic zone C. 
Table 3.3: Average monthly water temperature for climatic zone C. 
Climatic zone Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
Temperature 
(°C) 
6.5 7.3 9.4 13.2 17.6 21.9 24.3 24.6 22 17.7 12.7 8.6 
 
In the next chapter, all the methodology presented above, is used in order to calculate 
the heat losses through the pool and the space in harmony with the real dimensions of 
the examined indoor swimming hall. Subsequently, a detailed technoeconomical analy-
sis of the feasibility of the proposed solar thermal system is examined, best fitted in the 
scope of this thesis for the conversion of the swimming hall in nearly zero building. 
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4 Building services and sys-
tems involved 
A detailed description of the whole facility is presented here, in order to provide com-
plete information to the reader for the building structure, the system involved and its 
philosophy, since the primary accomplishment of this dissertation is the energy saving 
and the reduction of costs, attributed to cover the fuel for the operation of the swimming 
hall. 
4.1 Topographic data  
In this dissertation, an existing swimming hall is examined, located in the city of Kate-
rini. Katerini is the capital of the county of Pieria and is located onto a knob, between 
Pieria Mountains and Thermaiko basin. Figure 4.1 shows a satellite view of Katerini 
and its distance, in straight line, from Thessaloniki. 
 
Figure 4.1: Satellite view of Katerini and its distance, in straight line from Thessaloniki. [68] 
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The swimming hall is located on the outskirts of Katerini and it consists a part of a 
whole sport facility, since in the same area there are two basketball courts, two tennis 
courts, a football court, a shooting range and a closed athletic center, where many and 
different sports are conducted throughout a day. Figure 4.2 and Figure 4.3 show a satel-
lite view of the location of the swimming hall in the city of Katerini and a satellite foot-
print of the whole sport facility, with the red cycle and red rectangular to emphasize on 
the location of the foresaid swimming hall respectively.  
 
Figure 4.2: Satellite view of the location of the swimming hall in the city of Katerini. [69] 
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Figure 4.3: Satellite footprint of the swimming hall. [70] 
4.2 Building description 
The whole sport facility belongs to the local municipality and the swimming hall was 
built in 1978. The original idea was a construction of an open-air swimming pool, but 
two years after the completion of the construction, the municipality decided to close the 
facility with the use of a prefabricated rigid structure. The building has a rectangular 
form and it covers an area of 3825.88 m2.Its largest facades are facing East and West 
and the maximum average height is 8.5 m. 
A part of the north, south and the east facades are covered with glass frames and the 
remaining building is mainly constructed by concrete. It is uninsulated and the overall 
U-value (thermal transmittance) is considered to be around 2.5 W/m2K. Figure 4.4- Fig-
ure 4.7 show the four different facades of the swimming hall. 
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Figure 4.4: North façade of swimming hall. 
 
Figure 4.5: East façade of swimming hall. 
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Figure 4.6: South façade of swimming hall. 
 
 
 44 
 
Figure 4.7: West façade of swimming hall. 
The main components of the swimming hall is a learner pool (12.5m x 10.10m) and a 
competition pool (25m x 15m). The average depth of the first one is 1.60 m and 2.10 m 
for the second one. Figure 4.8 shows the competition pool, while Figure 4.9 depicts the 
training pool. The water exchange rate, is 300 m3/h and the water make up rate to the 
pools correspond to 420L/h. The water exchange rate refers to required time for the cir-
culation of the water from the sewage treatment plant (disinfection and infiltration) and 
back to the pool, where the quantity of pool water is equal to the volume of the pool. 
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Figure 4.8: Competition pool. 
 
Figure 4.9: Training pool 
The swimming hall disposes changing rooms and showers for the male and female oc-
cupants, and for the coaching stuff. There are, also bleachers that allow the visitors to 
attend to competition races or parents to observe the achievements of the young swim-
mers. Figure 4.10 displays a floor plan of the swimming hall.  
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Figure 4.10: Floor plan of the swimming hall. 
On the left part of Figure 4.10 the large empty space works as a supplementary room for 
the training of the athletes, as it consists of two basketball rackets and a handball court. 
Moreover, the boiler and pump room, in order to be chlorinated and filtered, before it 
enters back to the pools, are depicted on the bottom of Figure 4.10. The pumps, one for 
the competition and one for the training pool, are presented in Figure 4.11, while Figure 
4.12 and Figure 4.13 show the filter and the tank where the process of water infiltration 
and water chlorination takes place respectively, for purposes of hygiene. 
 
Figure 4.11: The pumps of the swimming pools 
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Figure 4.12: The filter for water infiltration. 
 
Figure 4.13: The tank for water chlorination. 
 48 
4.3 HVAC description 
The installed HVAC system of the examined swimming hall is an outdated 600,000 
kcal/h oil- fired boiler for space, pool water and DHW heating for the whole facility. 
Figure 4.14 and 4.15 present an image of the boiler and the sign that indicates the tech-
nical characteristics of the boiler, where its power, construction year, operational pres-
sure and operational temperature are recorded.  
 
Figure 4.14: The oil-fired boiler of the examined swimming hall. 
 
Figure 4.15: Sign of technical characteristics of oil-fired boiler. 
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The emission system is occurred with the use of radiators with slices (IV/905/19). The 
power unit of each radiator is estimated to be 3230 kcal/h (170 kcal/h each slice). 
Figure 4.16 depicts the radiators and Figure 4.17 their position in the heated room. 
 
Figure 4.16: The existing radiators (IV/905/19). 
 
Figure 4.17: Position of radiators in the heated space. 
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However, the heat from the radiators was inadequate, so fan heaters were installed as a 
supplementary heating system. They were placed on the top of the west façade of the 
building. Each fan heater is estimated to be have power of 50,000 kcal/h. Figure 4.18 
and Figure 4.19 depict the foresaid fan heaters and their position on the west façade re-
spectively. 
 
Figure 4.18: Fan heater.  
 
Figure 4.19: Position of fan heaters in the heated space. 
Finally, there is no mechanical ventilation or air-condition system in the swimming hall 
and ventilation occurs only by natural means through the leakage on the window frames 
and the doors with 2.10m height and 1.00 m width.  
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The foresaid descripted system consists the main heating system of the whole facility. 
However, the last few years, the economic crisis in Greece resulted to improper heating 
of the swimming pools and to inappropriate operation of the swimming hall due to its 
high energy demand and the increasing prices of fossil fuels. Typical example is that the 
last two years the swimming hall was closed and the athletes were obliged to training in 
other swimming halls in near counties. Moreover, high amounts of money are required 
for the cleaning and the maintenance of the oil- fired boiler every year, as its efficiency 
decreases over time.  
Since, the municipal swimming hall of Katerini consists the only swimming facility in 
the county of Pieria and serves not only different competition sports but also leisure and 
recreation for the citizens, it is vital to secure the operation of the pools every year.  
In the following chapter, the energy consumption for space and water heating of the ex-
amined swimming hall is simulated in RETScreen software and the effect of different 
technical and financial parameters of the proposed solar system are investigated, 
through different simulation scenarios, in order to accomplish energy savings and move 
toward the concept of nearly zero energy swimming hall. 
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5 Design and simulation sce-
narios 
After the description of the building and the system involved, the assessment of a poten-
tial solar system is presented in this chapter, where different simulation scenarios are 
carried out in order to find out the most appropriate solution, from economical and 
technical point of view, for the conversion of the swimming hall to a nearly zero energy 
building.  
For these purposes, RETScreen software was used. RETScreen is a “Clean Energy 
Management Software system”, as it allows the simulation of different renewable ener-
gy systems and provides detailed analysis on the feasibility and the energy performance 
of the proposed system.  
Particularly, the climatic data of the studied area are presented in favor of assessing the 
availability of the renewable energy sources in this region. Moreover, the heating loads 
of the swimming pools and the space are presented in the interest of comparing the ex-
isting and the proposed system, concluding to a parametric analysis in order to explore 
the impact of the some financial parameters, like the initial cost of the investment or the 
price of the fuel, as different scenarios, based on operational and system design factors 
of the swimming hall, aim to highlight the best optimal solution for the feasibility of the 
system. 
5.1 Climatic data 
The climatic data that were used for the heating load calculations concern the city of 
Thessaloniki, since the available information for the weather of Katerini, where the in-
vestigated indoor swimming pool is located, were in absence.  
Thessaloniki (latitude: 40°30' N, longitude: 22°57' E) is located on the north part of 
Greece. It is a coastal city, on Thermaikos basin, and is situated 4m above the sea level. 
Also, its distance from Katerini (latitude: 40°26' N, longitude: 22°50' E, 40 m) is ap-
proximately 68 km, which means that the climatic data do not differ dramatically be-
tween these two cities. Thessaloniki is considered to have a humid subtropical climate 
with mild winters and hot and humid summers (-3 °C < Tmin < +18 °C) and rainfalls all 
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year round, with a total annual precipitation of 445.5 mm. (Köppen-Geiger classifica-
tion: Cfa). [71]. The annual average temperature is 15.8 °C, while the warmest month is 
July with an average temperature of 26.8 °C and the coldest month is January with av-
erage temperate 5.3 °C, confirming that Thessaloniki’s climate is continental, subtype 
subcontinental, since it is located in or close to the warm temperature thorn steppe bi-
ome (Holdridge life zones system of bioclimatic classification). [71]. 
According to Technical Guide T.O.T.E.E. 20701-2/2010, Figure 5.1 presents the distri-
bution of the average monthly ambient temperature for the town of Thessaloniki, while 
Figure 5.2 shows the average relative humidity on a monthly basis. 
 
Figure 5.1: The annual distribution of the average monthly temperature for Thessaloniki.  
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Figure 5.2: Monthly average relative humidity (%).  
Nevertheless, since the goal of this dissertation is the conversion of an existing indoor 
swimming hall in a nearly zero energy building with the use of solar systems, it is vital 
to examine the availability of the solar irradiation, as long as the success of the solar 
system counts on it. The Global Horizontal Irradiation (GHI) for Europe is shown in 
Figure 5.3, as these values are important for the efficient operation of solar thermal sys-
tems or photovoltaic panels. 
 
Figure 5.3: Global Horizontal Irradiation (GHI) for Europe [72] 
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However, all the necessary information for the solar irradiation of Thessaloniki city, can 
be obtained from the climatic database of the RETScreen software. Specifically, for 
fixed collectors, a slope equal to 30° and an azimuth angle (angle between the projec-
tion, on a horizontal plane, of the normal to the surface and the local meridian) equal to 
5°, the software provides information about the daily and the annual solar radiation on 
horizontal surface. Figure 5.4 presents the daily solar irradiation, in kWh/m2, on hori-
zontal plane for the city of Thessaloniki. 
 
Figure 5.4: Monthly solar irradiation on horizontal plane for Thessaloniki.  
According to Figure 5.4, the maximum daily solar irradiation on horizontal plane is es-
timated to be on June with 6.75 kWh/m2w, the minimum is on December with 2.11 
kWh/m2 and the annual solar irradiation on horizontal plane is 1.71 MWh/ m2.  
5.2 Heating loads of the swimming facility 
In this section, the heating loads of the heated floor area and the pool area are investi-
gated and presented, as they consist one of the most important parameter for the selec-
tion of the solar system, while the number of the collectors and their manufacturing fea-
tures play an important role in order to define the ability of the system to cover the max-
imum amount of energy demand for the whole facility.  
5.2.1 Buildign heating loads 
The input of the heating load per unit of heated floor area to the RETScreen software, 
allows the model to calculate the annual total heating use for the building. This is the 
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amount of energy required from the heating system for space heating (including domes-
tic hot water heating base demand). This heating load value depends on the heating de-
sign temperature for the investigated location and on the building insulation efficiency. 
The calculation of the heating load per unit of heated floor area was based on the prEN 
12831-2002-EN standard, as presented in Chapter 3. Table 5.1 depicts the total heat 
losses (both transmission and ventilation heat losses) through the swimming facility for 
6 different air room temperatures. . 
Table 5.1: Heat losses through the heated rom area. 
Heat-loss 
mechanism 
Heat losses through the heated space  QHL  (W/m2) 
Air room temperature (°C) 
Transmission 
and ventila-
tion heat loss-
es 
25 26 27 28 29 30 
314.14 325.04 335.92 346.81 357.70 368.58 
 
The design room temperature for the heated space was selected to be 28 °C according to 
typical Natatorium design conditions for competition type swimming pools [9]. The 
software, for a heated floor area of 2516 m2, heating load of 346.81 W/ m2 and a domes-
tic hot water (DHW) heating demand of 15% of the total heating demand, estimated an 
annual total heating use for the building of 1683 MWh. This is the amount of energy 
required from the heating system for space heating, including domestic hot water heat-
ing demand. In cold climates, common values for DHW heating demand vary from 0 to 
25%. 
5.2.2 Pool heating loads 
The designed solar system, except from space heating, it aims to cover the largest 
amount of energy demand for pool water heating. RETScreen allows the introduction of 
pool area, the number of hours per day (h/d) a cover (blanket) is put on the pool, the 
makeup water (the percentage of pool water renewed every week, not including the ad-
dition of water to compensate for evaporation) and the desired minimum temperature of 
pool water, in order to calculate the annual heating energy use, that the heating system 
requires for pool water heating. The heating energy use for the swimming pools, is de-
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termined through an energy balance between pool losses due to evaporation, convec-
tion, radiation, conduction, and fresh water supply and passive solar gains.  
The heating loads for swimming pool were calculated, according to the formulas pre-
sented in Chapter 3 and compared with the results of RETScreen software in a concept 
of verification of the model output. Table 5.2 –Table 5.5 show the convective, radiative, 
evaporative and conductive heat losses through a pool area of 501.25 m2, an average 
depth of 0.8 m for learner pool and 2.10 for competition pool and relative humidity 
around 60% respectively. The values of the tables represent the losses for 6 different 
pool water temperatures and 6 different room air temperatures. Negative values depict 
the heat gains to the pool from the indoor environment.  
Table 5.2: Convective heat losses, Qconv, through the swimming pools. 
Heat-loss 
mechanism 
Convective heat losses Qconv  (kW/m2) 
A
ir
 t
em
p
er
a
tu
re
 (
°C
) 
Pool water temperature (°C) 
 25 26 27 28 29 30 
25 0 0.037 1.47 0.331 0.588 0.919 
26 0.037 0 0.037 0.147 0.331 0.588 
27 0.147 0.037 0 0.037 0.147 0.331 
28 0.331 0.147 0.037 0 0.037 0.147 
29 0.588 0.031 0.147 0.037 0 0.037 
30 0.919 0.588 0.331 0.147 0.037 0 
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Table 5.3: Radiative heat losses, Qrad, through the swimming pools. 
Heat-loss 
mechanism 
Radiative heat losses Qrad  (kW/m2) 
A
ir
 t
em
p
er
a
tu
re
 (
°C
) 
Pool water temperature (°C) 
 25 26 27 28 29 30 
25 0 2.726 5.480 8.261 11.070 13.907 
26 -2.726 0 2.754 5.535 8.344 11.181 
27 -5.480 -2.754 0 2.781 5.590 8.428 
28 -8.261 -5.535 -2.781 0 2.809 5.646 
29 -11.070 -8.344 5.590 -2.809 0 2.837 
30 -13.907 11.181 -8.428 -5.646 -2.837 0 
 
Table 5.4: Evaporative heat losses, Qevap, through the swimming pools. 
Heat-loss 
mechanism 
Evaporative heat losses Qevap  (kW/m2) 
A
ir
 t
em
p
er
a
tu
re
 (
°C
) 
Pool water temperature (°C) 
 25 26 27 28 29 30 
25 110.6 126.4 139.9 155.7 173.8 189.6 
26 103 119.6 133.2 149 164.8 182.8 
27 97.1 112.9 128.6 144.4 160.2 176 
28 92.5 108.3 121.9 137.7 153.5 171.5 
29 81.3 97.1 110.6 126.4 144.4 160.2 
30 74.5 90.3 106.1 119.6 137.7 153.5 
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Table 5.5: Conductive heat losses, Qcon, through the swimming pools. 
Heat-loss 
mechanism 
Conductive heat losses Qcond  (kW/m2) 
Pool water temperature (°C) 
Ground 
temperature 
(= 8.6 °C) 
25 26 27 28 29 30 
6.594 6.996 7.398 7.800 8.203 8.605 
 
Specifically, the concentrated Table 5.6 shows the rate of heat losses, through all the 
heat loss mechanisms, for 6 different pool water temperatures and for the room air tem-
perature set to 28 °C. 
Table 5.6: Rate heat losses for 6 different water temperatures and room temperature in 28°C. 
Heat-loss 
mechanism 
Rate heat loss Q (Kw) for 6 water temperatures 
25°C 26 °C 27 °C 28 °C 29 °C 30 °C 
Convection 0.331 
(0.36%) 
0.147 
(0.13%) 
0.037 
(0.02%) 
0 
(0.0%) 
0.037 
(0.02%) 
0.147 
(0.08%) 
Radiation -8.261 
(-9.02%) 
-5.535 
(-5.01%) 
-2.781 
(-2.19%) 
0 
(0.0%) 
2.809 
(1.70%) 
5.646 
(3.22%) 
Conduction 6.974 
(7.61%) 
7.400 
(6.7%) 
7.825 
(6.16%) 
8.250 
(5.65%) 
8.676 
(5.25%) 
9.101 
(%) 
Evaporation 92.5 
(101.04%) 
108.3 
(98.17%) 
121.9 
(95.99%) 
137.7 
(94.34%) 
153.5 
(93.01%) 
160.2 
(5.19%) 
QTotal 91.544 110.312 126.981 145.95 165.022 175.094 
 
The values in parentheses illustrate the fractions of the total net heat-loss rates. The de-
signed pool water temperature was selected to be 27 °C, also according to typical Nata-
torium design conditions for competition type swimming pools [9]. 
Since the pool water temperature was defined, the final step in RETScreen for the calcu-
lation of the annual energy use for pool water heating is the definition of the number of 
hours per day (h/d) a cover (blanket) is put on the pool and the percentage of makeup 
water in the pools. Since the operating hours of the facility were assumed to be 10 h 
(cover use = 14 h/d in the software) and the makeup water was selected to be around 
15% (this value represent the pool activity level. It involves compensation for water lost 
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when the occupants exit the pool and periodic water renewal done for hygienic reasons), 
then the annual energy use for pool water heating was found to be 325.2 MWh, a num-
ber that comes in accordance with the output of 349.19 MWh from the analytical calcu-
lations that were made with the formulas in Chapter 3.  
Table 5.7 presents some aggregated information about the described features above. In 
detail, the examined swimming pools and facility, as well as the calculated energy con-
sumptions for pool water and space heating (including DHW) are included, as provided 
by RETScreen software.  
Table 5.7: Congregated information of the examined swimming pool and facility features.  
General information of the swimming pools and the facility 
Type of sp* Indoor 
Area of sp* (m2) 501.25 
Cover use (h/day) 14.00 
Water temperature of sp* (°C) 27 
Makeup water (%/w) 15 
Annual heating of pool water (MWh) 325.20 
Heated floor are for building (m2) 2516 
Heating load for building (W/m2) 340 
DHW** heating base demand (%)  15 
Annual heating for building and DHW** (MWh)  
  * sp is abbreviation of swimming pool  
** DHW is abbreviation of Domestic Hot Water 
 
After the calculation of space and pool water heating loads, various simulation scenarios 
are applied on the proposed solar thermal system and these scenarios not only indicate 
the different parameters that affect the proper operation and performance of the system, 
but also distinguish the best solution for the feasibility of the whole structure.  
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5.3 System description  
Before the presentation of the simulation scenarios, it is mandatory to acquaint the dif-
ferent HVAC systems on which the economical and technical feasibility of the solar 
system is examined and assessed.  
Two are the HVAC systems that are simulated by the RETScreen software. The first 
one is the base case system and the second one is the proposed system, where the simu-
lation results from the proposed system are set side by side with those of base case re-
sults and compared in order to estimate its performance and appropriateness for the 
heating of the swimming hall.  
5.3.1 Base case system 
The base case system consists the existing HVAC system in the swimming hall as de-
scripted in Chapter 4. The heating system of the swimming hall for pool water, space 
and DHW can be summarizes as: 
The system exploits an oil-fired boiler, for space and pool water heating and DHW use. 
The heat transfer fluid (water), heated by the boiler, is supplied to a feed manifold and 
through underground copper, plastic or steel pipes is supplied to the radiators and the 
fan heaters for space heating, in order to end up in a return manifold. The temperature 
of the water is regulated to enter the radiators in 90 ° C, while the water returns to the 
boiler in 70 °C, in order to heat the space at 20°C. Another part of the heat transfer flu-
id, is delivered to a 1500 l storage tank, with an electric immersion heater, where cold 
water from the water supply system, is heated, at 45-50 °C, for DHW needs (showers).  
Furthermore, the heating of the pool water is occurred with the use of a heat exchanger, 
as the cold water from the pool, after it passes through the filter for the accumulation of 
flotsams, enters the exchanger and the accumulated heat of the heat transfer fluid rises 
the temperature of the pool water before it enters back to the pool at a desired tempera-
ture of 24-25°C. The circulation of the heat transfer fluid, from the feed manifold to the 
return manifold, and its flow to one direction, is accomplished with the use of recircula-
tion pump and one-way valves respectively.  
Moreover, a three-way valve (mixes of hot and cold water streams) and a bypass valve 
(regulates the flow of water to the heat exchanger) are used in order to keep a steady 
temperature of 45-50°C, as the heat exchanger cannot work properly in higher tempera-
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tures. Figure 5.5 depicts a schematic review of the existing heating system of the 
swimming hall. 
 
Figure 5.5: Schematic review of the base case heating system in the examined swimming hall. 
Table 5.8 explains the different components of the HVAC system as presented in Figure 
5.5. 
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Table 5.8: Description of the components of the existing HVAC system in the swimming hall. 
Components of existing heating system 
1 Oil-fired boiler 
2 Radiators 
3 Feed manifold 
4 Return manifold 
5 Coaxial Fan heaters 
6 Storage tank 
7 DHW (showers) 
8 Heat exchanger 
9 Swimming pools 
10 Filter 
 
One-way valve 
 
Recirculation pump 
 
Three-way valve 
 
Bypass valve 
 
5.3.2 Proposed system 
The primary heating system in this case is based on solar thermal system instead of the 
oil-fired boiler and the main priority of the system is the production of hot water firstly 
for pool water and DHW use and after for space heating. Under these circumstances, the 
proposed heating system can be summarizes as: 
The solar thermal system consists of fixed flat plate glazed collectors, mounted on the 
roof of the swimming hall in 30° slope and 5° azimuth. Their technical characteristics 
are shown in Table 5.9, as provided from the product database of RETScreen software. 
Buffer tanks, 4000 l each and with two immersed heat exchangers, are used in order to 
provide hot water to different loops for the heating purposes of the swimming hall. Par-
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ticularly, in the solar loop, the heat transfer fluid (mix of water and glycol) is circulated 
between the solar collectors and the upper lower immersed heat exchanger in the buffer 
tank through recirculation pump. The upper immersed heat exchanger in the buffer tank 
is connected to a new oil-fired boiler with 94 % efficiency and 800.000 kcal/h. The oil 
fired boiler is used as an auxiliary system in order to ensure the heating demand for 
space, pool water and DHW heating when the solar irradiation is inadequate to cover 
this demand. 
The rest of the system works in the same way as in base case system, where hot water 
from the buffer tank is supplied to a feed manifold and through underground copper, 
plastic or steel pipes is supplied to the radiators for space heating and ends up in a return 
manifold. Again, the temperature of the water is regulated to enter the radiators in 90 ° 
C, while the water returns to the boiler in 70 °C, in order to heat the space at 28°C.  
An additional, important component in the system, is the installation of a ventilation 
unit for reasons of hygiene and avoidance of high concentrations of moist air that results 
in high evaporation losses and condensation inside the swimming hall. As a fan re-
moves the humid air to the outdoor environment, a central unit is used in order to com-
pensate for the heat losses, where hot water from the buffer is driven to the central heat-
ing unit and provides heat to the facility, avoiding the sense of cooling effect to the oc-
cupants.  
Thereinafter, another part of hot water, is delivered for DHW use to the same storage 
tank. Finally, cold pool water, after it passes through a filter for hygiene purposes, is 
heated by a heat exchanger and it enters back to the pool at a desired temperature of 
27°C. The circulation of hot water to the different loops is accomplished with recircula-
tion pumps and one-way valves. Moreover, three-way valves and bypass valves are 
used to regulate the water temperature from and to the pool between 45-50°C, as the 
heat exchanger cannot work properly in higher temperatures. Figure 5.6 represents a 
schematic review of the proposed heating system of the swimming hall and Table 5.10 
explains the different symbols that describes the components of the proposed heating 
solar thermal system. 
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Table 5.9: Technical characteristics of solar collectors. 
Technical characteristics of solar collectors 
Type Glazed 
Manufacturer  Calpak 
Model Selective 240GS 
Gross area per solar collector (m2) 2.51 
Aperture area per solar collector (m2) 2.32 
Fr (tau alpha) coefficient  0.63 
Fr UL coefficient (W/m²)/°C² 4.60 
Temperature coefficient for Fr UL (W/m²)/°C² 0.00 
 
 
 
Figure 5.6: Schematic review of the proposed heating system in the examined swimming hall 
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Table 5.10: Description of the components of the proposed solar thermal system in the swim-
ming hall. 
Components of the proposed heating system 
1 Oil-fired boiler 
2 Buffer tank 
3 Solar collectors 
4 Feed manifold 
5 Radiators 
6 Storage tank 
7 DHW (showers) 
8 Heat exchanger 
9 Swimming pools 
10 Central heating unit 
11 Fan 
12 Filter 
13 Return manifold 
 
One-way valve 
 
Recirculation pump 
 
Three-way valve 
 
Bypass valve 
 
5.4 Simulation scenarios 
In order to assess the feasibility of the proposed heating project and discover the poten-
tial of the solar system to cover the energy demand of the swimming hall, three simula-
tion scenarios were examined, regarding either the number of the collectors, either the 
financial factors that influence the initial cost of the project and makes it viable. 
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5.4.1 1st Simulation scenario- Sizing of solar system 
This is a basic simulation scenario, as its output determines which configuration of the 
proposed solar system is the most appropriate for the swimming hall to cover its energy 
demand and provide primary energy savings and cost savings. In more general sense, 
various combinations on the number of collectors were simulated and the most feasible 
collector area, was selected. The analysis for the optimal collector size, in terms of sys-
tem cost-effectiveness was obtained firstly from the solar fraction and the achieved en-
ergy savings of the proposed system and secondly from the Net Present Value (NPV) 
and simple payback period of the whole project.  
5.4.2 2nd Simulation scenario- initial cost 
After the determination of the most suitable solar collector area, based on the quicker 
amortization of the initial cost for the heating project, this simulation scenario examines 
the relative contingencies that may arise from the market development phase of the so-
lar thermal system. Different percentages of contingencies were examined, revealing 
any inaccuracies that may can come off during a “Pre-feasibility” cost analysis of a 
large-scale solar system. Then, the cost- effectiveness of the system was examined by 
applying tools of capital budgeting such as NPV and simple payback period. Finally, the 
effect of some financial parameters, for instance incentives, grants and different debt 
interest rates, were investigated in order to contribute to the system cost reduction when 
contingencies occur. 
5.4.3 3rd Simulation scenario-  
According to International Energy Agency (IEA), the global energy demand continues 
to grow, while fossil fuels play an important role to primary energy mix. Specially, the 
oil demand is expected to rise 18% from 2009 to 2035, due to growth prospects of Chi-
na, USA and India, with these three countries consist a persistent top three spenders on 
energy imports. However, as stated by IEA, new policies scenarios are implemented in 
order to restrain the greenhouse emissions and ensure a more sustainable future, until 
2035. [1] 
In this simulation scenario, different increasing ranges of oil prices are examined, in or-
der to assess the impact of the energy prices on the proposed heating project and inves-
tigate the financial viability of the solar thermal system, when oil prices increases.  
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The results of the above described simulation scenarios are analyzed and presented in 
the following chapter.  
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6 Results 
The output of RETScreen software for the different scenarios simulated are analyzed 
and presented in this chapter, providing technical and financial information for the solar 
heating project and especially its feasibility, considering the aim to cover to a large ex-
tend the energy demand of the swimming hall. 
6.1 1st Simulation scenario- Sizing of solar system 
The main purpose of this simulation scenario is to specify the number and size of col-
lectors and hence determine the feasibility of the solar system. This is why, four differ-
ent solar collector areas were simulated and analyzed based on the solar fraction of the 
system and the energy savings, while the feasibility of the heating project was based on 
the Simple Payback Period (SPB) and the Net Present Value (NPV) of the investment.  
6.1.1 Solar fraction 
Solar fraction is an important and well-known parameter that is used to estimate the per-
formance of a solar heating system. This fraction represents the useful output of the so-
lar system over the total energy demand of the application/system considered for the 
heating of the swimming hall. This, mean that the solar fraction can be estimated sepa-
rately for space, pool water and DHW heating. However, within this thesis, only the to-
tal annual solar fraction is presented, since the identification of each fraction individual-
ly, has no special meaning. For swimming pools in general, this value can vary from 
10% to 100%, while for seasonal outdoor swimming pools it ranges between 70 to 
100%. Table 6.1 presents the annual solar fractions as calculated from RETScreen soft-
ware, for four different collector areas, while Figure 6.1 provides a diagramed view of 
them. 
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Table 6.1: Solar fraction of the solar thermal system for 4 different number of collectors. 
 Solar Collector areas (m2) 
125.5 251 376.5 502 
Solar fraction (%) 19 39 57 69 
 
According to Table 6.1, it is obvious that as the number of collectors increases, the solar 
fraction increases in a quasi linear way. Figure 6.1 presents the solar fractions corre-
spond to different collectors areas. Since each selected solar collector has a gross area of 
2.51 m2, then 50 collectors correspond to 125.5 m2 of gross area. Respectively, 100 col-
lectors correspond to 251 m2, 150 collectors to 376.5 m2 and 200 collectors to 502 m2.  
 
Figure 6.1: The solar fraction of the solar system for four different gross collector areas. 
Concerning the effect of gross collector area on the total solar fraction, the results dis-
played an almost linear increase of the solar fraction, which is a reasonable outcome, 
since increasing the number of collectors, more able is the solar system to cover in a 
greater extent the heating demand of the facility. Moreover, the simulation showed that 
the maximum fraction is achieved when 502 m2 of solar collector area is used, which 
correspond to 200 collectors, a number that comes in accordance with the proposed 
number of 188 collectors from RETScreen software.  
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6.1.2 Energy savings 
Another important evaluation parameter for the assessment of the performance of the 
solar heating system is the annual energy consumption for all heating purposes of the 
swimming hall. This parameter is really helpful in order to examine the ability of the 
proposed system and in more general sense the ability of solar thermal system to cover 
and reduce in a large extend the energy consumption of the swimming hall compared to 
the conventional base case heating system.  
RETScreen calculates the annual total heating use for the building. This value contains 
the energy required from the heating system both for space and DHW heating. Table 6.2 
provides all the necessary information for the comparison of the annual energy con-
sumption with the various number of collectors.  
Table 6.2: Annual primary energy of the proposed system for 4 different number of collectors 
 Number of collectors 
50 100 150 200 
Annual energy consump-
tion (MWh) 
1,620 
(4%) 
1,558 
(7%) 
1,496 
(11%) 
1,458 
(13%) 
 
RETScreen also calculates the percent of the base case heating system that is reduced as 
a result of implementing the proposed system. The value in parentheses expresses the 
energy savings (in %) through the use of the solar thermal system. In base case system, 
where an outdated oil- fired boiler is used, the annual energy consumption was calculat-
ed from RETScreen to be 1683 MWh. After the replacement of the old oil-fired boiler 
with a new one and the implementation of solar thermal system, the annual energy con-
sumption was reduced. Furthermore, as the number of collectors increases, the annual 
required energy for the heating system decreases. Figure 6.2 displays the corresponding 
reduction of annual energy consumption as a percent of annual energy savings for 4 dif-
ferent gross collector areas.  
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Figure 6.2: Energy savings of the proposed solar system for four different gross collector areas. 
As it can be seen, the results from the effect of different gross collector areas on the an-
nual energy savings from the solar heating system revealed a nonlinear increase of the 
percent in savings. Same as before, the simulation showed that the maximum energy 
savings was achieved to 13% of the proposed system, when 502 m2 of solar collector 
area was used.  
6.1.3 Feasibility analysis of 1st simulation scenario 
Concerning the two evaluation parameters above, it is obvious that the solar system per-
forms better when the gross collector area increases with respect to meeting the energy 
requirement. Nonetheless, larger the number of collectors get, higher the initial cost of 
the investment results.  
In the direction of assessing the economic feasibility of the solar thermal system and the 
whole investment, in comparison with the most appropriate combination of solar collec-
tor area, it is mandatory to conduct an economic analysis for the optimization of the sys-
tem. For that reason the Simple Payback Period for the own capital, otherwise known as 
the Equity Payback Period and the Net Present Value (NPV) are used. These tools are 
widely common around the world and many companies apply this indexes as decision 
making criteria for their different investments.  
Few words, the simple payback period reveals the length of time needed in order to 
amortize the initial cost of an investment out of the project cash flows generated. The 
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fundamental prerequisite of simple payback period is that faster the initial cost is re-
trieved, more covetable the investment is.   
In our case, it calculates the time required to recover the initial cost of the solar heating 
system and when it will start to provide economical and energy savings. However, a 
negative value will indicate that the annual costs incurred are taller that the annual sav-
ings accomplished.  
It is an easy-to-understand tool but it lacks accuracy as it ignores the time value of mon-
ey or the inflation that affects the costs factors. Due to these reasons, it should not ap-
plied as the principal indicator to evaluate a project’s feasibility, but it can, however, be 
used as a secondary indicator, as it visualizes the attractiveness of the investment to 
people not familiar with microeconomics. 
For that reason, NPV is more widely spread and used in capital budgeting to evaluate 
the profitability of a project or investment. In a nutshell, NPV is the difference between 
the present value of cash inflows and cash outflows over a period of time, taking into 
consideration the time value of money. In our case, NPV shows all the cost savings 
achieved by the installation of the solar thermal system (in today’s money), in order to 
provide the present value of the investment, discounted for all the years of project’s life. 
However, it is challenging to determine the precise discount rate. A positive present 
value expresses that the projected earnings exceeds the forecasted costs and the project 
or investment is profitable, while a negative present value indicates net losses.  
In order to find out the NPV and the Simple Payback Period of the proposed heating 
project it is crucial to determine the initial cost of the investment, since RETScreen cal-
culates the simple payback period by taking into consideration the total initial cost, the 
total annual costs and the total annual savings and income.  
The assumption for the calculation of the initial cost of the project was based on prices 
that were provided by companies active in the field of big HVAC installations. The out-
come of the calculated initial cost it may deviate from 10% to 20%, as the installation 
cost and some market prices of the components of the system are difficult to be as-
sessed. They depend on project specific factors, like the condition of the existing system 
and the complexity of adapting and installing the new one, transportation costs etc. Ta-
ble 6.3 presents the nominal values of the different components of the proposed system 
for the calculation of the initial cost.  
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Table 6.3: Assumptions for the initial cost of the proposed heating system. 
Definition Amount (€) 
Feasibility analysis  5,000 
Development 4,500 
Oil-fired boiler /burner 16,500 
Solar water heater 1,000 
Solar collectors (per unit) 270 
Buffers  21,000 
Ventilation system 8,000 
O&M (for 50 d/y) 350 
Transportation 5,000 
Interest during construction  5,500 
Contingencies (20% of sub-total pro-
ject) 
23,000 
 
A feasibility analysis typically includes a site investigation, a resource and environmen-
tal assessment, a preliminary project design, a detailed cost estimate, a GHG baseline 
study and monitoring plan (MP) as well as a final report. Moreover, feasibility study 
project management and travel costs are also usually exposed. The cost of a feasibility 
study varies 1% to 5% of the total project cost.  
After the identification of the proposed project’s specific features through the imple-
mentation of the feasibility study, development project activities accompany. In some 
projects, feasibility and development analysis may move toward, relying on the risk and 
return acceptable to the project advocator. 
Moreover, during the construction of a project, there is an interest rate that has to be 
paid, due to the short-term construction financing requirements, as its value changes 
based on the duration of construction, capital cost and macroeconomic conditions. The 
interest during construction is introduced in RETScreen by means of providing an inter-
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est rate (in %) and the duration of construction (in months). Based on those parameters 
it is calculated considering the average debt over the project’s duration, expressed in 
months. 
After the presentation of the cost of the different components of the proposed heating 
system, it is vital to determine some other parameters for the completion of the feasibil-
ity analysis. 
o The oil prices were set at 0.9 €/l 
o The price of electricity was set at 0.087 €/kWh 
o The inflation rate was set at 2.7%, as the average value of inflation in Greece the 
last 20 years [73] 
o The fuel cost escalation rater was assumed to be 2.7%, as the inflation rate 
o The discount rate was assumed to be 6% 
o The debt ratio was set at 50% 
o The debt interest rate was considered 6%, as an average values of the last 25 
years [74]  
o Finally, the lifetime of the projected was expected to be 20 years 
After the assumptions made for the initial cost of the investment and the above financial 
parameters and since the 1st simulation scenario examines the feasibility of the heating 
system to cover the energy demand of the swimming hall based on the number of col-
lectors, Figure 6.3 show the payback period of the proposed solar system for 4 different 
collector areas. 
 
Figure 6.3: Simple payback period of the heating project for a4 different number solar collec-
tors. 
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Is evident, that the simple payback of the heating project varies the different corre-
sponding solar collector areas. Specifically, the length of time required for the system to 
recoup the initial cost of the investment decreases as the gross solar collector area in-
creases. So, it is only makes sense to choose the solar installation with the 200 collec-
tors as its payback period doesn’t exceed 4.2 years. 
It is worth mentioning that simple payback period is usually a considerable tool of as-
sessment for individuals or small undertakings that lack of cash. When a firm is cash 
poor, a project with small payback period, but low rate of return is might more desirable 
a project with long payback period and increased rate of return. This relies on the fact 
that the undertaking may require a quicker repayment of its cash investment. 
However in our case, the examination of the NPV of the investment will provide a bet-
ter view of the profitability of the project. The investment with the higher NPV value 
will indicate that is more beneficial for the installation of the corresponding number of 
collectors on the swimming hall. Figure 6.4 presents the NPV of the heating project for 
4 different number of collectors  
 
Figure 6.4: NPV of the proposed heating system for 4 different number of collectors. 
It is obvious that the higher NPV is achieved when 200 solar collectors are used. More-
over, this installation offers the smallest payback period. So, it is only make sense to 
install 200 collectors in order not only to cover the required energy for the swimming 
hall but also chose a profitable and feasible investment that will provide the highest sur-
plus and depreciate quicker the initial cost. 
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6.2 2nd Simulation scenario- initial cost 
In this simulation, the main evaluation parameter is the contingencies that may arise 
during the “Pre-feasibility” or the feasibility study of a project. Specifically, four differ-
ent levels of contingencies are examined and the proposed system cost-effectiveness of 
the heating project is simulated and analyzed based on NPV and simple payback period. 
Moreover, possible system cost reduction, like the influence of debt interest rate, is ex-
amined when the contingencies in a project are higher than the expected ones. 
6.2.1 Contingencies 
The permitted amount for contingency cost hinges on the level of accuracy during the 
estimation of costs. Contingencies are calculated roughly based upon the chosen per-
centage of the sub-total of each project cost, keeping out interest during construction. In 
a more simple sense, contingencies are progressive, in a manner that they are obtained 
from project costs compromising any credits. 
The allotment for contingencies should be rely on the level of precision correlated to the 
total computed project cost. A typical “Pre-feasibility” level cost should be precise 
within 40% to 50% with a small deviation around 10%. For “Feasibility” analysis, a 
level cost should be accurate within 15% to 25% and not to deviate more than 10%. 
Nevertheless, this precision counts on the know-how of the study team, the scale of the 
project being examined, the degree of effort put into to accomplish the pre-feasibility or 
feasibility analysis and the accessibility into reliable information.   
6.2.2 Feasibility analysis of 2nd simulation scenario 
The cost of the proposed system components was assumed during the simulation with 
the RETScreen software, as each element has its own characteristics and finding each 
price in the market individually was really difficult. But even though these market pric-
es were known, it was impossible to known and include in the project other parameters 
such as the labor, installation and the transportation costs or the margin profit of the re-
tailer, as these values may vary on the market and also diverges from the scope of this 
thesis. 
For that reason, four different levels of contingencies are investigated and reveal wheth-
er or not the profitability of the project deviates from the desired one when these inci-
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dents occur. The tools that used for this purpose is again NPV and simple payback peri-
od. The duration of the proposed system construction was set to 12 months in the soft-
ware and the output is presented below. Figure 6.5 displays the alteration in the total 
initial cost of the investment, when different levels of contingencies are applied and 
how this affects the economic feasibly to the project. The number of collectors used in 
the solar system was eventually determined according to 1st simulation scenario, where 
200 collectors depreciated quicker the initial cost and seemed a more profitable invest-
ment.  
In RETScreen software, the total initial cost speaks on the behalf of the gradual invest-
ment that must be made to fetch the proposed heating project on line, before it starts to 
generate savings and/or incomes. The total initial cost includes the sum of the approxi-
mated feasibility, development and engineering study, the power, heating and cooling 
system or the energy efficiency measures and balance of system and miscellaneous 
costs and are intakes in the calculation of the simple payback period, the NPV and the 
project equity and debt. An important is that at the range of possible costs listed 
throughout RETScreen do not include sales taxes.  
 
Figure 6.5: The total initial cost of the proposed heating project for 4 different level of contin-
gencies. 
Since the contingencies are considered to be the level of uncertainty and inaccuracy dur-
ing the estimations of the different components in an investment, it is only reasonable 
that the project’s total initial cost is gradually increases as the level of contingencies es-
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calates. The augmentation of the initial cost certainly affects the NPV and the payback 
period of the project and the results are presented in Figure 6.6 and Figure 6.7.  
 
Figure 6.6: The NPV of the proposed heating project for 4 different level of contingencies. 
 
Figure 6.7: The simple payback period of the proposed heating project for 4 different level of 
contingencies. 
According to the above figures, it’s clear that there is a conservative decrease in the pre-
sent value of all future cash inflows of the investment, while a small growth in the pay-
back period occurs when the accuracy of the estimated costs increases.  
However, since this thesis presents a pre-feasibility study of the project, it is only rea-
sonable to set the level of contingencies to 40%.  
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In order for an investment to become more attractive and balance the increased initial 
cost due to higher level of contingencies, some financial parameters are examined and 
their results are presented in exchange of providing an alternative for the full attenuation 
of the debt investment.  
6.2.3 Financial leverages for system’s cost reduction 
The preliminary market feasibility study of a solar thermal system always results to a 
higher initial cost investment than the estimated one. Nevertheless, there are state subsi-
dies from national banks that they include financial tools such as JESSICA program and 
other financing tools, including bank loans, on favorable debt interest rates and terms, in 
cooperation with the European Investment Bank (EIB). These loans are subsided in pro-
jects that contribute to achieving the EU targets, in order to make the investment more 
cost-effective and attractive to investors. On behalf of assess the economic feasibility of 
the proposed heating system, various debt interest rates are simulated separately in 
RETScreen, while the NPV and the simple payback period of the whole investment are 
examined and presented in Figure 6.8 and Figure 6.9 when different level of contingen-
cies occur.  
 
Figure 6.8: The NPV of the proposed heating project for 4 different level of contingencies and 
3 different debt interest rates. 
The blue bars correspond to 6% debt interest rate, which is the average value of the last 
25 years [74]. The orange bars represents 2% debt interest rate and 50% grants of the 
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total initial cost, while the grey ones represents 2% debt interest rate and 30% grants of 
the total initial cost, as this is a possible solution that European Investment Bank (EIB) 
can provide. More specifically, EIB is able to provide a single “framework loan” in or-
der to cover up to 50% of the total cost for both public and private research and innova-
tion programs, that most frequently regarding infrastructure, energy efficien-
cy/renewables, transport and urban renovation. However, this share is usually, on aver-
age, about 30% on the initial cost. The loan repayment is normally on a semi-annual or 
annual basis, while grace periods for capital repayment might be granted for a project’s 
construction phase. Moreover, the interest rates can be fixed, floating, revisable or con-
vertible, allowing for a change of interest rate formula during the lifetime of a loan at 
predetermined periods). [75]. 
In our case, the debt term of the proposed heating project, which is the number of years 
over which the debt is repaid, was set to 10 years. Usually, the debt term is either equal 
to, or shorter than the project life. 
 
Figure 6.9: The simple payback period of the proposed heating project for 4 different level of 
contingencies and 3 different debt interest rates. 
Both Figures 6.8 and 6.9 indicate a reasonable output, as lower debt interests and higher 
grants can provide a more cost-effective and viable investment to different sector pro-
moters. 
 84 
6.3 3rd Simulation scenario- fuel cost 
The 3rd simulation scenario refers to the possible increase of the oil prices the next few 
years and how this can affect the viability and the cost-effectiveness of the proposed 
heating project. For that reason, different increasing ranges of the oil prices are simulat-
ed in RETScreen and the results are analyzed, through as NPV and simple payback pe-
riod, in order to assess that economic feasibility of the proposed investment. 
6.3.1 Oil prices 
The international perspective for oil retains extremely sensitive to policy actions as ef-
forts are made in order to restrain the rising demand and the CO2 emissions in the de-
veloping world, mainly in China and India. According to International Energy Agency 
(IEA), the global primary oil use grows in absolute terms between 2009 and 2035, due 
to population and economic growth worldwide. IEA put pressure on the national gov-
ernments to implement measurements and conform to Copenhagen Accord decisions to 
reduce greenhouse emissions, while commitments have been made to phase out ineffi-
cient fossil fuels subsidiaries, in order to orientate at a more secure, valid and environ-
mentally sustainable energy system. [1]  
As a result, radical policy actions were taken by increasing the prices of fossil fuels, in 
order to compensate for this uncontrolled demand. According to IEA, different Policies 
Scenarios were examined, where the oil demand was established based on the degree of 
efforts made to repress this demand.  
In Current Policies Scenario, where no government strategies are assumed, there must 
be an elevation in prices in exchange of balancing the demand with the supply, as prices 
are predicted to rise more rapidly, especially after 2020. Especially, the crude oil prices 
ranges to $120 per barrel in 2025, while in 2035 the price is expected to reach $135 per 
barrel. 
In the New Policies Scenarios, in which more commitments and policies have been 
made by the governments, the average crude oil price, in 2025, is anticipated to be $105 
per barrel and in 2035 it reaches $113 per barrel.  
As it seems, the crude oil import prices are expected to increase anyway, but in which 
degree depends on the intentions the different governments have declared into imple-
menting radical measures, in order to shape a more sustainable energy future.  
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6.3.2 Feasibility analysis of 3rd simulation scenario 
The main advantage of the proposed solar thermal system is its ability to reduce the op-
erational cost of the existing conventional system. However, oil-fired boiler in the pro-
posed system works as an auxiliary system, when the solar irradiation is inadequate to 
cover the energy demand of the swimming hall. So, any increase in the oil price, affects 
the operating cost of the whole proposed solar system. 
In the direction of examining the influence of the oil prices, when they increase, on eco-
nomic viability of the proposed solar system, 4 different instances are investigated, de-
picting different ranges in the rise of oil prices. For that purpose, NPV and simple pay-
back period are examined in order to indicate the cost-effectiveness of the investment.  
Figure 6.10 represents the NPV of the proposed heating project, when different increas-
es in oil prices occur.  
 
Figure 6.10: The NPV of the proposed heating project for 4 different increasing ranges in oil 
prices. 
Figure 6.10 indicates an expected result, as more expensive the oil price gets, more 
briskly the NPV of the investment decreases. A same effect in the simple payback peri-
od of the project is expected to, with the length of time for depreciation to increase, as 
the oil prices rises. Figure 6.11 represents the simple payback period of the proposed 
heating project for different ranges in the oil prices.  
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Figure 6.11: The simple payback period of the proposed heating project for 4 different increas-
ing ranges in oil prices. 
In both figures, the investment is more economically viable, as the oil prices are kept in 
low levels.  
After the completion of the different simulation scenarios, the values of the above de-
scribed parameters were finally determined according to the best output of each simula-
tion or the most reasonable value that abides with reality. 
Nevertheless, this heating project, as every project, involves modelling risks. In order to 
assess these risks, all the aspects of the project and their potential impact to the overall 
investment must be examined. This can be achieved by implementing a sensitive analy-
sis.  
6.4 Sensitivity analysis 
The forecasting variables in a project can predict the financial and economical cost ben-
efits of the investment. Usually, the values of these variable are affected by a great 
number of elements and future developments, resulting to significant differentiation of 
true values from the forecasted ones. In order to consider the effects of changes in the 
main variables on the viability of the investment, sensitivity analysis is a useful tool for 
this purpose. 
Sensitivity analysis is a technique that refers to the impact of different independent vari-
ables have on a particular dependent variable under a given indicated percentage and 
assumptions. In a few words, sensitivity analysis talks about prediction of the outcome 
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when a decision is made, based on a certain variety of variables. By being aware of the 
level of impact that different elements have on the project, the analyst can set priorities 
in order to achieve quicker the desired result.  
In our case, the sensitivity analysis indicates how the debt interest rate, the annual fuel 
cost of the proposed case and hence the initial cost on impact on the NPV of the invest-
ment, when they vary based on an indicated percentage. 
This percentage, known as sensitivity range, defines the maximum rate of variation that 
will be addressed to all foresaid key parameters and to what degree this values will af-
fect the NPV of the investment. A typical value for sensitivity range varies between 20 
to 25%. Here, it is set at 25%.  
Table 6.4 depicts the NPV of the heating project when the debt interest rate, set at 6%, 
and the initial cost, both range between + or – 25% of the predicted values. 
Table 6.4: The impact of 6% debt interest rate and the corresponding initial cost on the NPV of 
the proposed heating project. 
Initial cost 
Debt interest rate 125,580 146,510 167,440 188,30 209,300 
% -25% -13% 0% 13% 25% 
3.60% -25% 378,438 358,239 338,040 317,841 297,642 
5.25% -13% 376,265 355,704 335,142 314,581 294,020 
6.00% 0% 374,053 353,123 332,193 311,263 290,333 
6.75% 13% 371,803 350,498 329,193 307,888 286,583 
7.50% 25% 369,516 347,830 326,143 304,457 282,771 
 
The bold value corresponds to the original value, as this appears in the Financial Analy-
sis worksheet of RETScreen software. According to the results, the inaccuracy of the 
predicted debt interest rate doesn’t affect the viability of the project, as the NPV is posi-
tive in all examined cases. 
Table 6.5 indicates the impact of the initial cost and the annual fuel cost of the proposed 
case on the NPV of the investment, when the debt interest rate is set at 6% and the fuel 
rate is 0.9 €/L.  
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Table 6.5: The impact of the annual fuel cost of the proposed case, when the debt interest rate is 
6%, and the corresponding initial cost on the NPV of the proposed heating project. 
Initial cost 
Fuel cost-proposed case 125,580 146,510 167,440 188,30 209,300 
% -25% -13% 0% 13% 25% 
93,143 -25% 826,988 806,058 785,128 764,198 743,268 
108,667 -13% 600,521 579,591 558,661 537,731 516,801 
124,191 0% 374,053 353, 123 332,193 311,263 290,333 
139,715 13% 147,586 126,656 150,726 84,796 63,866 
155,239 25% -78,882 -99,812 -120,742 -141,672 -162,602 
 
The values in the red boxes of the table indicate that the NPV of the project is negative, 
resulting to a non-profitable investment when the oil prices and hence the annual fuel 
cost simultaneously increases 25% more than the expected. 
However, a possible case for an energy project like the one of this thesis, is the incen-
tives and the grants of the European Investment Bank, with a debt interest rate to 2% 
and 30% grants of the total initial investment. Table 6.6 represents the impact of the 
debt interest rate, when it is set at 2% and there is 30% grants, and the corresponding 
initial cost to the NPV of the heating project. The fuel rate remains 0.9 €/L.  
Table 6.6: The impact of 2% debt interest rate and 30% subsidy and the corresponding initial 
cost on the NPV of the proposed heating project 
Initial cost 
Debt interest rate 125,580 146,510 167,440 188,30 209,300 
% -25% -13% 0% 13% 25% 
1.5% -25% 441,731 422,914 404,097 385,281 366,464 
1.75% -13% 441,065 422,137 403,209 384,281 365,354 
2% 0% 440,395 421,355 402,315 383,276 364,236 
2.25% 13% 439,719 420,567 401,415 382,263 363,110 
2.50% 25% 439,040 419,774 400,508 381,243 631,977 
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It is obvious that the NPV of the investment is not influenced by the variation of the 
debt interest rate and the project still is cost-effective for the investors.  
Table 6.7 depicts the influence of the annual fuel cost of the proposed case and the cor-
related initial cost on the NPV of the project, when the debt interest rate is 2% and a 
subsidy of 30% of the initial cost is provided for the investment. The fuel rate is stikk 
0.9 €/L. 
Table 6.7: The impact of the annual fuel cost of the proposed case, when the debt interest rate is 
2% and 30% grants are provided, and the corresponding initial cost on the NPV of the proposed 
heating project. 
Initial cost 
Fuel cost- proposed case 125,580 146,510 167,440 188,30 209,300 
% -25% -13% 0% 13% 25% 
93,143 -25% 893,330 874,290 855,250 836,211 817,171 
108,667 -13% 666,862 647,823 628,783 609,743 590,703 
124,191 0% 440,395 421,355 402,315 383,276 364,236 
139,715 13% 213,927 194,887 175,848 156,808 137,768 
155,239 25% -12,540 -31,580 -50,620 -69,660 -88,699 
 
The output of this analysis indicates that the NPV of the project is not cost-effective 
when the oil prices and hence the annual fuel cost increases 25% more than the ex-
pected, although the debt interest rate is 2% and there is 30% grant for the investment.  
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7 Conclusions 
Nowadays, the world seems to undergo through a tedious crisis. The destruction of pris-
tine forests for excavating raw materials, the abiding use of fossil fuels or nuclear fuels, 
the increasing greenhouse emissions and the climatic change are some of the many cru-
cial problems that the developing countries round the world must confront with, as their 
impact to the environment seem to become more and more pernicious. 
Thus, many countries, among the various commitments they made, were pledged to 
tackle with the growing energy insecurity due to the uncontrolled population growth 
and its spin-off consequence to the environment. For example, the European Union set 
some targets for energy reduction and energy efficiency in various types of buildings, 
like residential or commercial buildings for the years 2020, 2030 and 2050, while many 
initiatives and grants were subsidized for that reason [2].  
According to literature [2][3] a building type that is considered to consume significant 
amount of energy is sport facilities, with swimming and ice rinks facilities to have the 
greatest energy consumption among them. However, conventional heating systems, 
based on oil, gas or electricity energy sources, are employed in these facilities resulting 
to high running costs and harmful environmental impacts. 
For that reason, renewable energy sources seems to be a promising solution for heating 
purposes. The few decades, solar swimming pool heating systems seemed to be a ma-
ture technology, providing “clean” energy from the sun and maintaining a comfortable 
temperature in order to extend the swimming season. 
The aim of this thesis was to examine the utilization of a solar thermal system for pool 
water, DHW and space heating in an existing swimming hall in Katerini and in what 
degree can this system cover the heating demand of the facility in order to move to-
wards the concept of nearly Zero Energy Building.  
Consequently, different simulation scenarios, concerning various adjustments on the 
solar thermal system, were investigated through the RETScreen software.  
Specifically, a variety of solar collector areas were examined in an attempt to discover 
not only the potentials of the solar system for energy savings, but also the viability and 
the economic profitability of the proposed heating project. For that reason, Simple Pay-
back Period and NPV tools were used to assess the cost-effectiveness of the system. The 
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outcome of the simulation indicated that larger collector areas led to higher ability of 
the system to cover the energy demand of the facility. Moreover, the increasing collec-
tor area results to higher NPV of the project, in our case higher cost savings, but also 
means higher initial cost, which leads to longer payback period. 
However, many cost inaccuracies of the components of the solar thermal system may 
arise during the market development phase. So, after the determination of the solar col-
lector area, different level of contingencies were simulated in order to find out in what 
degree can these inaccuracies affect the financial viability of the system. The upshot of 
this simulation was that the more the level of contingencies increases, the more the prof-
itability of the system is affected, resulting to higher payback period and hence lower 
NPV of the investment.  
So, in order to evaluate the feasibility of the system when the initial cost of the project 
is more than the expected one, the effect of some financial parameters, for instance in-
centives, grants and different debt interest rates, were investigated, using NPV and Sim-
ple Payback Period. It is reasonable, that lower debt interests and high grants can pro-
vide a more cost-effective and viable investment.  
Another parameter that could affect the cost-effectiveness of the proposed heating sys-
tem was a possible increase in oil prices, since an oil-fired boiler is used as auxiliary 
system to cover the heating demand of the swimming hall when the solar irradiation is 
insufficient. The outcome of the simulation indicated that the oil prices can significantly 
affect the viability of the investment, since high energy prices can decrease considerably 
the NPV and extend the length of time that is needed to amortize the initial cost of the 
investment. 
The proposed heating project, as every project, involves modelling risks. In order to as-
sess these risks, the oil prices, debt interest rate and the corresponding initial costs, were 
examined based on the NPV of the project, when divergent values of the above parame-
ters are applied to the system. The technique used for that purpose was a sensitivity 
analysis, where the impact the foresaid factors evaluated according to the lucrativeness 
of the solar system.  
It is evidence that, the upshot of this dissertation can be summarized to the fact that so-
lar thermal systems are able to cover in a large extend the heating demand of large-scale 
projects, like the examined swimming hall, due to the developed segments of solar mar-
ket and the effectiveness of these installations for hot water supply in mainly southern 
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countries, where solar irradiation is abundant. The different simulation scenarios pro-
vide an economical overview for the various solutions that the municipal authorities can 
proceed based on the technical, economical or environmental targets they have estab-
lished for the swimming hall.  
Finally, through a quick inspection of the swimming hall, some inaccuracies in the sys-
tem and the facility were identified. Although this topic doesn’t fall within the scope of 
this thesis, an energy refurbishment on the envelope of the building consist a compulso-
ry action which will improve the energy performance of facility and the efficiency of 
the system. Moreover, except from the actions that concern the energy upgrading of the 
building, there are some operational problems that concern the heating system of the 
swimming hall and they are investigated to the point the heating load of the building is 
not changed. The proposition lies on the replacement of the old radiators and the fan 
heaters with fan-coils, as the latest seems a more efficient and cost-effective way for 
space heating of the facility. 
Nevertheless, a more thorough and extensive study on the operational system and the 
envelope of the swimming hall must be done in order to achieve higher energy savings 
and move towards the concept of Zero Energy Buildign. 
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Appendix 
Nomenclature 
Latin letters 
Apool Surface area of pool (m2) 
Aw,b Total area of pool walls and floor (m
2) 
Amax Maximum area of pool per  occupant at full occupancy (4.5 m2/person) 
Ak Area of building element (m
2) 
Ai Floor area of heated space (m
2) 
c Specific heat capacity (4.18 kJ/kg K) 
ei Shielding coefficient 
E Evaporation rate from occupied swimming pools (kg/m2h) 
E0 Evaporation rate from unoccupied swimming pools (kg/m2h) 
fk Temperature correction factor for building element, taking into account 
the difference between the temperature of the appropriate case consid-
ered and the external design temperature  
fv,i Temperature correction factor 
fRH Reheat factor depending on the type of building, building construction, 
reheat time and assumed drop of the internal temperature during setback 
fΔΘ,i  Temperature correction factor taking into account the additional heat 
loss of rooms heated at a higher temperature than the adjacent heated 
rooms (e.g. bathroom heated at 24 °C) 
Fu Pool utilization factor, defined by eq.(9) 
h Convective heat transfer coefficient (W/m2 °C) 
hwe Evaporation heat of water (kJ/kg) 
ifg Latent heat of vaporization of water (kJ/kg) 
n50 Air exchange rate per hour (h
-1) 
nmin Minimum external air exchange rate per hour (h
-1) 
p Partial pressure of water in air (Pa) 
Δp pw - pr 
Qconv Convective heat transfer (W/m2) 
Qrad Radiative heat transfer (W/m2) 
Qevap Evaporation heat transfer (W/ m2) 
Qcond Conductive heat transfer (W/m2) 
Qd Daily consumption of DHW (kWh/day) 
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Ta Air temperature over pool (°C) 
Tg Ground temperature (°C)  
Tw Temperature of walls (K) 
Tpl Pool water temperature (K) 
Tp Pool water temperature (°C) 
U Overall conductive heat transfer coefficient (W/m2 °C) 
Uk Thermal transmittance of building element (W/ /m
2 °K) 
V Volume of heated space (m3) 
Vd Daily load (l/daily) 
Vi Air flow rate of heated space (m
3/h) 
Vinf,i Infiltration air flow rate of heated space (m
3/h) 
Vmin,i Minimum external air exchange rate (m
3/h) 
Vsu,i Supply air flow rate of heated space (m
3/h) 
Vsu Supply air flow rate for the whole building (m
3/h) 
Vmech,inf,i Surplus exhaust air flow rate of heated space (m
3/h) 
Vex Exhaust air flow rate for the whole building (m
3/h) 
W Specific humidity of air (kg of moisture air/kg of dry air) 
Greek letters 
εi Height correction factor, which takes into account the increase in wind 
velocity with the height of the space from the ground level 
εwt Emissivity coefficient of water  
θint,i Internal design temperature of heated space (°C) 
θe External design temperature (°C) 
θsu,i Supply air temperature into the heated space (either from central air 
heating, from a neighboring heated or unheated space, or from the exter-
nal environment), If a heat recovery system is used, θsu,i can be calculat-
ed from the efficiency of the heat recovery system. θsu,i may be higher or 
lower than the internal air temperature 
ρ Density of air (kg/m3) 
ρpl Density of water (=1 kg/l) 
Δρ ρr - ρw 
ΔΤ Temperature difference between lowest water temperature from supply 
network and the temperature of domestic hot water (45 °C) 
σ Stefan Boltzmann constant 
φ Relative humidity (%) 
ΦT,i Transmission heat loss of heated space (W) 
ΦV,i Ventilation heat loss of heated space (W) 
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ΦRH, i Heating-up capacity of heated space (W) 
Φi Total design heat loss of heated space (W) 
ΦHL,i Total design heat load of heated space (W) 
ΦHL Total design heat load of a building entity or a building (W) 
Σ ΦT,i Sum of transmission heat losses of all heated spaces excluding the heat 
transferred inside the building entity or building (W) 
Σ ΦV,i Sum of ventilation heat losses of all heated spaces excluding the heat 
transferred inside the building entity or building (W) 
Σ ΦRH,i Sum of heating-up capacities of all heated spaces required to compensate 
for the effects of intermittent heating (W) 
Subscripts 
w Saturated at water surface temperature  
r At room temperature and humidity  
 
 
Figure 1: ASHRAE Psychometric chart at sea level. 
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Table 2: Thermodynamic Properties of Moist Air at Standard Atmospheric Pressure, 101.325. 
kPa 
Temp 
°C 
Humidity 
ratio 
[kg(w)/kg(da)] 
Specific volume [m3/kg] Specific enthalpy [kJ/kg] 
(dry air) 
Specific entropy [kJ/(kg 
K)] (dry air) 
Condensed water 
Specific 
enthalpy 
[kJ/kg] 
Specific 
entropy 
[kJ/(kg 
K)] 
Vapor 
pressure 
[kPa] 
t Ws vda vsa vs had has hs sda sas ss hw sw ps 
20 0.014758 0.8302 0.0196 0.8498 20.121 37.434 57.555 0.0711 0.1346 0.2057 84.00 0.2099 2.3389 
21 0.015721 0.8330 0.0210 0.8540 21.127 39.908 61.035 0.0745 0.1430 0.2175 88.18 0.3107 2.4878 
22 0.016741 0.8359 0.0224 0.8583 22.133 42.527 64.660 0.0779 0.1519 0.2298 92.36 0.3249 2.6448 
23 0.017821 0.8387 0.0240 0.8627 23.140 45.301 68.440 0.0813 0.1613 0.2426 96.55 0.3390 2.8105 
24 0.018963 0.8416 0.0256 0.8671 24.146 48.239 72.385 0.0847 0.1712 0.2559 100.73 0.3531 2.9852 
25 0.020170 0.8444 0.0273 0.8717 25.153 51.347 76.500 0.0881 0.1817 0.2698 104.91 0.3672 3.1693 
26 0.021448 0.8472 0.0291 0.8764 26.159 54.638 80.798 0.0915 0.1927 0.2842 109.09 0.3812 3.3633 
27 0.022798 0.8501 0.0311 0.8811 27.165 58.120 85.285 0.0948 0.2044 0.2992 113.27 0.3951 3.5674 
28 0.024226 0.8529 0.0331 0.8860 28.172 61.804 89.976 0.0982 0.2166 0.3148 117.45 0.4090 3.7823 
29 0.025735 0.8558 0.0353 0.8910 29.179 65.699 94.878 0.1015 0.2296 0.3311 121.63 0.4229 4.0084 
30 0.027329 0.8586 0.0376 0.8962 30.185 69.820 100.006 0.1048 0.2432 0.3481 125.81 0.4367 4.2462 
31 0.029014 0.8614 0.0400 0.9015 31.192 74.177 105.369 0.1082 0.2576 0.3658 129.99 0.4505 4.4961 
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Table 2: Temperature correction factor, fk, for the simplified calculation method. 
Heat loss fk Comments 
 
Directly to the exterior 
1.00 If thermal bridges are insulated  
1.40 If thermal bridges are not insulated 
1.00 For windows, doors 
Through unheated space 
0.80 If thermal bridges are insulated  
1.12 If thermal bridges are not insulated 
Through the ground 
0.30 If thermal bridges are insulated  
0.42 If thermal bridges are not insulated 
Through the roof space 
0.90 If thermal bridges are insulated  
1.26 If thermal bridges are not insulated 
Suspended floor 
0.90 If thermal bridges are insulated  
1.26 If thermal bridges are not insulated 
To an adjacent building 
0.50 If thermal bridges are not insulated 
0.70 If thermal bridges are insulated  
To an adjacent building entity 
0.30 If thermal bridges are not insulated 
0.42 If thermal bridges are insulated  
 
 
Table 3: Whole building air exchange rate, n50. 
 
 
Construction 
n50  (h-1) 
Degree of air-tightness of the building envelope (quality of window-seal) 
High (air quality sealed 
windows and doors) 
Medium (double glazed 
windows, normal seal) 
Low (single glaze win-
dows, no sealant) 
Single family dwellings < 4 4 - 10 > 10 
Other dwelling or building < 2 2 – 5 > 5 
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Table 4: Default values for shielding coefficient, e. 
 
Shielding class 
e 
Heated space without 
exposed openings 
Heated space with one 
exposed opening 
Heated space with more than 
one exposed opening 
No shielding (buildings in 
windy areas, high rise 
buildings in the city) 
0 0.03 0.05 
Moderates building (build-
ings in the country with 
trees or other buildings 
around them, suburbs)  
0 0.02 0.03 
Heavy shielding (average 
height building in the city 
centers, building in forests) 
0 0.01 0.02 
 
 
Table 5: Default values for height correction factor, ε. 
Height of heated space above ground-
level (center of room height to ground 
level) 
ε 
0 – 10 m 1.0 
> 10 - 30 1.2 
> 30 m 1.5 
 
Table 6: Minimum external air exchange rate, nmin 
Room type nmin (h-1) 
 
Habitable room (default) 0.5 
Kitchen or bathroom with window 1.5 
Office room  1.0 
Meeting room, classroom 2.0 
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Table 7: Reheat factor fRH for non-residential buildings, night setback maximum 12 h.  
 
 
Reheat 
time 
hours 
fRH (W/m2) 
Assumed internal temperature drop during setback 1) 
2 K 3 K 4 K 
Building mass Building mass Building mass 
Low Medium High Low Medium High Low Medium High 
1 18 23 25 27 30 27 36 27 31 
2 9 16 22 18 20 23 22 24 25 
3 6 13 18 11 16 18 18 18 18 
4 4 11 16 6 13 16 11 16 16 
1) In well insulated and airtight buildings, an assumed internal temperature drop during set back of more 
than 2 to 3 K is not very likely. It will depend on the climate conditions and the thermal mass of the 
building.  
 
Table 8: Temperature correction factor fΔΘ. 
Internal design temperature of room: fΔΘ 
Normal  1.0 
Higher 1.6 
 
 
